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ABSTRACT 

Five study segments of the Self-Paced Physics Course 
materials are presented in this seventh problems and solutions book 
used as a part of student course work. The content is related to 
magnetic fields, magnetic moments, forces on charged particles in 
magnetic fields, electron volts, cyclotron, electronic charge to mass 
ratio, current-carrying loops, torques, electric motors, magnetic 
flux, earth's magnetic fields, Ampere f s law, solenoids, toroids, and 
Biot-Savart law. Contained in each segment are an information panel, 
core problems enclosed in a box, core-primed questions, scrambled 
problem solutions, and true-false questions. Study guides are 
provided and used to answer the true-false questions and to reveal 
directions for reaching solutions. When the core problem is answered 
incorrectly, the study guide requires students to follow the remedial 
or enabling loop, leading to the solutions of core-primed questions. 
Also included is a sheet of problem numbers with corresponding page 
numbers which locate correct answers. (Related documents are SE 0 16 
065 - SE 016 088 and ED 062 '123 - ED 062 125.) (CC) 
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INFORMATION PANEL Force on a Chr ^ ed Particle in a Magnetic Field 



OBJECTIVE 

To determine the path of charged particles in magnetic fields by finding 
the magnitude and direction of the force acting on them. 



Several definitions and criteria should be emphasizeu before you begin 
work on this Segment. The first of these answers the question, "How does 
one know when a magnetic field exists in a given region of space?" 

A magnetic field is said to exist at a point if 
a force over and above any electrostatic force 
is exerted on a moving charge at that point. 

The second item deals with the direction of the magnetic field and may be 
stated as follows: 

The direction of a magnetic field is that direction 
in which a charged particle may move through it 
without experiencing any magnetic force. 

Thus, an electron, a proton, a deuteron, or an alpha particle moving 
parallel to the magnetic lines of force of a field at any instant is 
not acted upon by a force due to the presence of the magnetic field. 

A third important consideration suitable for inclusion here is: 

\fhen the velocity vector v of a moving charge is 
perpendicular to the magnetic field, the force 
acting on the charge is vevpendicular to the 
plane containing d and 5. 

A fourth item essential to a proper approach to this subject is: 

The magnitude of the force acting on a charged 
particle q moving wi$h velocity v perpendicular 
to a magnetic field B is given by the relation 
F = Bqv. 
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continued 

In the second statemen* )Ove, we have given a method of deciding the 
direction of a magnr' <>h\ on the basis of the absence of force 

acting on a chargi pari moving through the field. In order to 
specify the oenne u\ 1 1 1 • icld, however, it is necessary to state the 
relationships between the force the charge q, the velocity v and 
the magnetic intensity £ vectorially: 

F « qv y- 13 

Applying the rule for cross-products, the magnitude of the magnetic force 
for any direction of motion of the charged particle through the field is 
given by the equation: 

F = qvB sinf' 

where 0 is the angle between the velocity vector v and the magnetic 
induction vector B. 



In a given situation, the direction and sense of the magnetic force may 
be determined from any one of the "rules" developed thus far in this 
course or from the "palm rule" described below. In general, for a 
positive particle in motion through a magnetic field, as v is rotated 
into & through the smaller angle between them, the direction of t is at 
right angles to the plane containing v and 3 and its sense is that of 
the advance of a right-handed screw undergoing this rotation. 

To use the palm rule, extend the thumb of the right hand outward, point 
the fingers in the direction of the magnetic field and the thumb in the 
direction of motion of the positive charge, and the sense of the thrust 
of the palm will then indicate the sense of the force. 

When the moving particle is negative, the sense of the force is opposite 
that obtained for a positive particle. 

A charged particle entering a magnetic field perpendicularly with uniform 
velocity will follow a circular- path while in the influence of the field. 
The magnetic force is centripetal in direction and sense in this case so 
that we may write: 

F B ^ qvB = ffld 

in which m is the mass of the particle, v is its velocity perpendicular 
to the magnetic field, and r is the radius of the arc it describes. 
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continued 

The radius of the path is then given by: 



i or substituting momentum p for mv 



r = 2- 
qB 

This equation expresses the radius of the particle's circular path in 
terms of its momentum and charge in a given field. Another useful 
expression in which the radius is given in terms of the kinetic energy 
of the particle rather than its momentum is obtained this way: 

Since kinetic energy K = mv 2 /2 

then K = (p)v/2 

but v may be expressed as p/m so th it we can write 

K _ (p) (p/m) 
2 

hence p = /2mK 

Thus, the radius of the circular path can be expressed as 

/2mK 

r = 1b^ 



The unit of magnetic field intensity is the Tesla, symbol T, and 
corresponds to the units weber/m 2 found in older texts. 
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PROBLEMS 



I. An electron in a television picture tube has a speed of 6 * 10' m/sec. 
The tube is or i en tod so that the electrons move horizontally from west to 
east. The vertical component of the Earth's magnetic field points down- 

T. 



ward and has an intensity of B = 5 x 10 
the electron? (Recall that q e .= -e" 



-5 



What is the force exerted on 



B 



/ 



/ 




io- 


^ coul. 


) 








A. 


9.6 x 


10" 


1 4 


nt; 


north 


B. 


4.8 x 


10" 


l a 


nt; 


north 


C. 


9.6 x 


10" 


1 4 


nt; 


south 


D. 


4.8 x 


10" 


1 8 


nt; 


south 



2. The proton is positively charged and 



m 



v. ^ 




x. 



X 



1836 times as massive as the 

negatively-charged electron. 
Each is released with its 
velocity in the plane of the 
paper, there being a uniform 
magnetic field directed 
perpendicularly into the 
plane of the paper. Which 
of the following statements 
correctly describes the 
motion of the particles? 



A, The electron spirals clockwise, the proton counterclockwise, 
aiiong the direction of $. 

B. The electron spirals counterclockwise, the proton clockwise, 
along the direction of fi. 

Q. The electron rotates clockwise, the proton counterclockwise, 
in a circular path parallel to the plane of the paper. 

Bv The electron rotates counterclockwise, the proton clockwise, 
in a circular path parallel to the plane of the paper. 
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3, In the absence of gravitational and electric fields, if we fire a 
test charge q with a velocity v through a point P in space and 
observe no change in the test charge's velocity, then we can conclude 
that 

A. if there is a magnetic field at P, it must be uniform 

B. if there is a magnetic field at P, it must be directed 
parallel to v 

C. if there is a magnetic field at P, it must be directed 
perpendicular to v 

D. there is no magnetic field at P. 



4. The proton is positively charged and 1836 times as massive as the 

negatively-charged electron. 
^, ^ X X Each is released with its 

_ * velocity in the plane of the 

paper, there being a uniform 
magnetic field directed 
* perpendicularly into the 

plane of the paper. If the 
proton arid the electron are 
X X X released with equal kinetic 

^ v p ^ energies, the electron's 

orbit is 




m p , q=e 



A. larger than the proton's orbit 

B. smaller than the proton's orbit 

C. the same size as the proton's orbit 

D. no conclusion can be drawn about the relative sizes 
of the orbits 
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5. A proton is accelerated from rest through a potential difterence V, 
between the two plates shown in the diagram. It leaves the plate at the 
right with a velocity v, and then enters a circular region where a magnet 
field exists. What must he the direction of the magnetic fiold if the 
proton must follow the circular path shown in the figure? 




A. same at the direction of v 

B. opposite to the direction of v 
C» out of the page 

D. into the page 
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The proton is positively charged and 1836 times as massive 

irj" iy-clurgod 




m t| q:-e 



t hi 

eclron . 
Each is released with its 
velocity in the plane of the 
paper, there being a uniform 
magnetic field directed 
perpendicularly into the 
plane of the paper. If the 
electron is released with a 
speed three times the speed 
of the proton, then the 
radius of the electron's 
orbit will be, approximately 



A. three times larger than the radius of the proton's orbit 

B. nine times larger than the radius of the proton's orbit 

C- the same as rthe radius of the proton's orbit 

D. six hundred rtrLraes smaller than the radius of the proton's 
orbit 



7. If the proton and electron of the previous problem have the same 
speed, then the frequency with which the electron revolves in its 
orbit is 




A. gnseater tham^rhe protean 's frequency 
B» less than tifae proton's frequency 

C. the same as the prorton's freqiawfigy 

D. . no conclusflcswv can be drawn aboirt the relative frequencies 

of the pargl teles 



GMKNT 3< 



8 The radius of the proton's circular path in the accompanying diagram 
is 5 meters and its period is 20 microseconds. What was the potential 
difference V through which it was accelerated before entering the magnetic 
field region? 



v=o 



A. 2.06 x KT 15 volts 

B. 2.06 * KT 15 eV 

C. 1.29 x 10 ** volts 

D. 1.29 x 10* 4 eV 




INFORMATION PANEL 



The Cyclotron 



OBJECTIVE 



To study the mechanical and electrical relationship needed to solve 
various problems dealing with the cyclotron. 



Before starting this section of your work, it is imperative that you study 
carefully all of the material ±a ail of the referenced reading indicated 
in the Study Guide for this Segment. A. discussion. «af the cyclotron cannot 
be undertaken here, except to pinpoint a few bits; aff information which you 
will need in solving the problems. 



next page 
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continued 

The electron volt is an energy unit used extensively in connection with 
accelerators like the cyclotron. It is abbreviated eV and is frequently 
encountered in more convenient multiples: 

1 MeV - 10° eV 

1 BeV = JO 9 eV 

1 GeV = 10 12 eV 

The definition of the electron volt is most conveniently obtained by 
considering that the kinetic energy K of a charged particle q that has 
moved from one point to another between which a potential difference V 
exists is given by: 

K = qV 

where K is in joules, q is in coulombs, and V is in volts. For an electron 
the charge is e so that: 

K = eV 

Thus, from this equation we have: 

1 electron volt = (1 unit of electronic charge) (1 volt) 

and it is seen that the electron volt is the amount of energy gained by 
an electron as it falls through a potential difference of 1 volt. Since 
the electronic charge is 1.60 * 10" 19 coulomb, then the magnitude of one 
electron volt is 1.60 * 10~ 19 joule. 

It will also be helpful to remember the relative masses of a few of the 
charged particles other than the electron used in accelerators. Taking 
the mass of the proton as unity for purposes of comparison, the relative 
masses of the other particles are: 

electron: m e = 

deuteron: m^ = 2nip 
a-particle: m a a Amp 



next page 
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continued 

As developed in the previous Information Panel, you will recall that the 
radius r of the circular path followed by a charged particle q of mass m 
moving with velocity v perpendicularly to a field of magnetic induction 
B is expressed by: 



r = 



mv 
qB 



The angular velocity a> of the circling particle is given by: 



v 



0) = 



hence w is then: 



a) = 3* 
m 



and this equation can be given in terms of frequency f (say in revolutions 
per second) as 

f = sL. 

2iTm 

wherein it should be noted that the frequency does not depend on the 
speed of the particle. 

For the oscillator of the cyclotron to add energy to the particle at the 
proper point in each revolution, its frequency f Q must be in resonance 
with the frequency of revolution so that the oscillator frequency is 
(for resonance) 

f = £*- 
° 2™ 
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9. If the oscillator frequency of a cyclotron is fixed at 15.3 MHz but the 
magnitude of the magnetic induction can be changed from zero to 1 T and its 
direction can be reversed, for which of the following particles, other than 
the proton, can this cyclotron be used? 

A. only the electron 

B. only the electron and deuteron 

C. . only the deuteron and the a-particle 

D. all three (electron, deuteron and ot-particle) 



10. If a cyclotron which employs an accelerating potential of 1.0 * 10 b 
volts has a dee separation of 5 cm, what is the magnitude of the electric 
field set up between the dees? (In volts/meter.) 



11. What is the ratio of the magnitudes of the magnetic and the electric 
forces on the proton, during its passage through the gap? 

A ^ 
A ' E 



B. ™ 



vE 
B 



C. — 



BE 
v 
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12. What is the work per cycle done on the proton by the magnetic field 
when a proton is being accelerated in a cyclotron? Here are some data you 
may need: v p = 5 * 10 6 m/sec, B = 1 T and R = 45 cm 



13. If a cyclotron which lias an accelerating potential of 1.0 * 10 5 volts is 
used to accelerate protons, deuterons, or a-par tides to an energy of 10 MeV, 
how many passages through the gap must each particle make? 



A. proton, 100 

B. proton, 100 

C. proton, 100 



deuteron, 200; a-particle, 400 
deuteron, 100; a-par ticle , 50 
deuteron, 50; a-particle, 50 



D. proton, 100; deuteron, 100; ot-particle, 100 



14. The mass and charge of the proton are 1.67 * 10*~ 27 kg and 

1.60 x 10" 19 coul respectively. What must be the minimum dee radius 

to accelerate a proton to 10 MeV if the magnetic induction is 1 T? 



15. What must be the frequency of the oscillator in MHz if the cyclotron 
is to be used to accelerate protons to an energy of 10.0 MeV using a 
magnetic induction of 1.00 T? 
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INFOR MATION PANEL Measurement of Electronic Charge tn 

Mass Ratio (e/m) . 



OBJECT I VF, 



To study the mechanism of the Thomson e/m experiment; to use the equa- 
tions applicable to this experiment in solving relevant problems. 



The reading assigned for this Segment contains extensive discussions of 
the mechanics and mathematics of the Thomson e/m experiment and will not 
be repeated here. However, to save you the effort of digging out the 
derivation of one of the key relationships involved in the Thomson equip- 
ment, we shall present a concise development here, 

A beam of electrons moving with uniform velocity is made to enter a uni- 
from electric field between two charged, parallel metal plates. As the 
particles continue to move through the field, they experience a deflecting 
force which produces a deviation of the path. They ultimately strike a 
fluorescent screen, producing a spot of light which is displaced from the 
position it would have occupied had the electric field been absent. 
Refer to the accompanying diagram. 



POSITIVE PLATE 
+ + + ++ + + + 



^1 



NEGATIVE PLATE 



The electrons enter the region between plates at the origin 0 with a velo- 
city v x . Since the x-component of the force acting on the particles is 
zero, then a x » 0 and v x is therefore constant. Thus^ in time t 



x =» v x t 



(1) 
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continued 

The y-component of the force is given by the expression: 

F y - eE (2) 

where e. is the charge on the electron. Since the acceleration is the 
force divided by the mass, or 

a v » — (constant) (3) 

• V IT. 

then in time t 

y ■ y Q + ( v y>o c + \ V 2 (4) 

Rut v c = 0 and also (v y ) Q ■ 0, then 

v - \ a y t* < (5) 

Substituting eE/m from equation (3) in place of a y in equation (5): 

eEt 2 ff -\ 

y - _ (6) 

Eliminating t between equations (1) and (6) permits us to write: 

We shall define the quantity y^ as the value of y when x - As the 
electrons pass beyond the deflecting plates, the trajectory becomes a 
straight line because they are now moving in a region where there is no 
electric field. The value of y 2 is D tanG where D and 0 are defined as 
shown in the drawing. 

The slope of this straight line is the ratio of the y-component of the 
velocity of an electron to the x-component of the velocity when the elec- 
tron is about to leave the * where x = ft. These components are 
v x (constant) and 

v y = a y t (£ 

Refer again to equation (1). This tells us that when x = l 9 then 
t * fc/v x . Combining this with the value of a y from equation (3), we 
obtain: 

v y = SSL (9) 
y mv x 



next page 
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continued 

Now since tanB = v v^ v x y we can substitute an ^ S et: 



tanO = (iQ) 
mv x 2 



Thus, we know the value of yj to be as shown below from equation (7): 

eE9, 2 



and the value of y 2 now to be: 



DeE£ /10 x 

y 2 = JST? (12) 

X 



Since the total deflection Yg = Yj + Yp » th en 

eEg + DeEE 
2mv ? mv? 

or 

Instead of using D, the distance from the plate ends to the screen , it 
is frequently more convenient to use L, the distance from the origin to 
the screen; When L is used, equation (13) then becomes 



?E = ( L " 4) < 14 > 

11 mv x 2 \ 21 



In the Thomson experiment, the electron beam was also acted on by a uni- 
form magnetic field. A similar approach leads to the analogous equation 
for magnetic displacement y^: 

For balanced fields, where the beam deflection is zero, we have finally: 



(16) 



I ft 



SKHMENT 



lb. A beam ~>~ 
c Ice trie and . 
direction of ? 
are mutual lv f> 11 
leave the region 

b - 1.0 x icr 

to be deflects 
trons in coul 



-ons enters a region where it is acted upon by an 
ic field simultaneously. The initial velocitv, t he 
trie field and the direction of the magnetic r it-Id 
ular to each other. The electrons are found Lo 
onRth J = 10 cm undeflected if E = 50 nt/coul and 
the B field is turned off, the electrons are found 
stance y = 1.7 mm; find the ratio e/m for the elec- 




17. An ele :z-:?r \&& an initial velocity v = 3.25 x 10 7 m/sec in the 
horizontal mLr ?<w. What is the deflection of the electron due to the 
gravitations < iutce between x = 0 and x = 0.31 m? (Take the upward as 
the positive direction.) 

A. -] .9 - 10~ 18 m 

B. -5.6 * 10- 17 m 

C. -4.5 y 10- 16 m 



D. 0.1 m 



i u , particle of mas? ror enters the shadec -ea shown in the diagram a 
- :ifcin and with a velocity v 0 - v c i. P -een x = 0 and x = P., it 

xpt iences a constant acceleration a = a J 

Iterisr-e an expression 
foT the particle's 
y-coordinate when it 
leaves the shaded 




A ^article of mass m enters the shaded area at the origin with 
■tfFBicxcitY v Q = v Q i. Between x = 0 and x = P., Lt experiences a constant 
acceleration a = a j . After passing the point (£, a£ 2 /2v Q 2 ), the parti 

cite experiences no further acceleration. What is its y-coordinate when 

x * L? Neglect gravitational acceleration . 



• ;mfnt i 



20. A bor'Hm cfha,' sd particles inoves with ccrrstant velocity 
v = 1.34 * L'f.O' i d/f;-;ec th^ou^h a region which contains uniform magnetic 
and electric ^'leld* If B = -2.76 * 10~3 j t. what must the electric 
field be? 



B 



A. 
B. 
C. 
D. 



> . 7(2 * l!0 h k ntt//.coul 
->.70 *< 10 ,f k nt/coui 
5-91 * 10" ls i nt/coul 
£.91 x 1(T 15 j nt /conl 
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21. An electric field E is directed along: fUie positive y-axis, 
q is fired along the positive z-axis with a **f»sed v. 



A charge 



HE 



v=vk 



What is the minimum value of B and its :na&rn=5ponding direction such that 
the velocity of the particle does not cSrwiwrT 

A. t = 0 

B * B s /2 - , B in xz-plane making an angle of 45° with the x-axis 
E * 

C. B = — , B anywhere in the xz-pfaate 

E 

D. B ■ — , B along the negative x-^4±rect±0m 



©- 



B 

X 



X 
X 



X 



i-V 



i 



The dimensions of the above apparatus to measure the eieectron's charge 
to mass ratio, e/m, are £ = 2.00) cm, L = 31.0 cm. Wtwr am electric 
field of magnitude E = 1.00 * 10) 5 nt/coul is applied, rrste. deflection 
of the electron beam is measured on the screen to be y~— 20.ED cm 

A uniform magnetic ±ield is applied between the deflecting plat.es along: 
Xhe nega±±ve z-axis^ i = -B k (tmtD the paper) . life magnitude of the 
magnetic induction ±s increased until the electron ^msam returns to ±ts 
uTtdeflected positions. The f ieskd required is measmrad tao be 
B = 3 -®8 * 10" 3 T, \What is tfe corresponding value of e/im? 

A. (1.758796) * 10 11 coal/kg 

8. 3.25 * 10 7 coul/kg 

C- 1.77 * 1Q* 1 cool/kg: 

BL 5.43 x 10 3 caul£//kg 



craasBcr snswer: a 

For « ct^locrsun, the forcr Firaation is given 

P^l = n U 2B = q vE 
R 

TrnereinncTe, trke frequency 

jxj _ qB 

2tt 2urm 

far q/%, Twhick is the quant±ty that varies as we change particles. We 
find 



2tTV 



m B 

Use fiseqtiency ^ is fixed, so that as we vary 3 from zero to its maximum 
?*alue (1 T, which puts thse cyclotron in resonance for protons) , q/m 
vxaxies tSKom £mfini£y to 

q 2ttv 2nr x 15^3 x 10 6 



m ^max ~ X 



» 9 ..6 ^ M 7 coul/tes 
% 

— _ r. JE c ot ; mn ) 
m^v ■ 

Lai atliterr words., tiM*r cycJ kaJLruia can be used for any particles whose q/m 
ra£iam is equaiE ta T cr greater tthan 9-6 * 10 7 caul /kg. 

"Tte q/m ratio ±mr ttnhe ira»ton is 



Be of <fa n - r «t-l o of the thresr particles in questaxm are (relative to the 



he 

at, Electron : t~ 



3e 



1840 



0 



ir)) Deuteron: 



m d 2ittp = 2 Imp J 
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continued 



c) a-particle: 



Hensc£„ we mote tihat only the electron has a q/m ratio larger than that 
of the proton. 

TRUE OR FAL3E? The q/m ratikD o£ an a-particle is half as grreat as the 

same ratio for an electron.. 



a] CORRECT ANSWER: A 

This is a review? qusrstxon am kinematics . Using the equations 

x - x Q + v^C % t 2 (1) 

with a x « 0, x 0 = 0 nad = we obtain 

x: = v^ifc (2) 
"Thus.,, tme iMrt±«'le- matches ttae Lfine x = H at time, n = 
Par the utoitionL rfm tte y-d±rectiawL,. we have y Q - 0, v^ = GO and a y = a, 

7 - | at ? (3) 

Sabst^Lttatirng (2) into (3) we obtsxin 
1 / » \ 2 afc 2 
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CORRECT ANSWER: D 

The magnetic force is given by F « «rv x The vectors v and B here 
are mutually perpendicular and v * "1 poirats to the noTrth- However, 
the direction of the force on the negatively charged partible is in the 
direction of -v * f„ en: south- Finally, the magnitude of F is 

F - qvB = (2.6 x HT 19 caul) * (6 x 10 5 m/scc) * (5 * 1CT 5 T) 

= 4.8 x 10-18 nt 

TRUE OR FALSE? The direction of tihe magnetic force on an electron is 
opposite that on a proton moving ira the same direction • 



CORRECT ANSWER: C 

Since tfae electron beam is undefiected, we know Xfca* tfce electric and 
magnetic forces anre equal in nua^nitiudle and opposite tni direction. Now 

~£ B = qv x $ = (-e)vBi * (-k) - -evffj 

and 

- ql - (-e) (-Ej) = e£j 
Setting F B ■ -F E , we find 
e& * evB 



or 



Since 



y = "S. A _ *\ . .100 
y mate \ 21 

we maty solve for: e/fcn 

— * = 1.^7 * 10 11 cou 

m fit(L - 1/2) 

Note that cfaodfcce A has too maty significant figures for the data given 



TRUE OR FALSE? If the length £ of the (deflecting plates is increased, 
the magnitude of y will decrease. 
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CORRECT ANSWER: B 

THhe force on a moving charged particle in a magnetic field is given by 
? B = qv * 5 ^* (1) 

4 b 



B 



From this it is clear that v and F R are always perpendicular to one another 
since, in this case, v is perpendicular to B. Therefore, the charged 
particle will describe a circular path of radius r given by the equation 



„ mv 



r = 



nv 



qB qB 

-where p = mv and represents the particle's momentum. 
Using the relation between momentum and kinetic energy 

p = /2mK 
we can rewrite (3) as 



r = 



/2mK 
qB 



(2) 



(3) 



(4) 



(5) 



From (5) we see that for equal q, B, and K, the radius increases with 
rniass. Therefore, the radius of the elec tron's orbit is smaller than 
that of the proton by a factor of /1836. 



TRUE OR FALSE? In the solution above, K is a constant of proportionality • 
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CORRECT ANSWER: A 

The magnitudes of the magnetic and electrical forces are respectively 

F_ = |qv y B| « qvB (since v is normal to B) 
B 

and 

F E = M| = qE 

The ratio of the two is therefore 

*B qvB vB 
* qE = E 



CORRECT ANSWER! 15.3 

For a cyclotron, the force equation is 

^ = mo^R = qvB (D 
P. 

The oscillator must be in "resonance 1 ' with the proton's orbit. The 
frequency from (1) is 

v = a§_ (2) 

After one-half of a revolution of the proton, the oscillator must have 

tone through cne-half of a cycle; namely, from maximum magnitude of 
in one direction to maximum magnitude of £ in the opposite direction 
in order to accelerate the proton as it re-enters the gap. Thus, 

v = v = HL. „ d.6 * 10-19 coul) x (I T) „ 15<3 mz 
o 2irm 2ir * (1.67 * 10~ 2 7 kg) 



TRUE OR FALSE? For resonance to occur, the frequency of the proton's 
revolutions must be equal to the oscillator frequency. 
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[a] CORRECT ANSWER: D 

The magnetic force on any moving charged particle is given by 

# B - qv * B (1) 

From this it is clear that v and F« are always perpendicular to each 
other. The charged particle will describe a circular path of radius r 
given by the equation 

Fr = qvB = _ 

> or 

mv 

Thus, the electron's and proton's orbital radii are given respectively 
bv 



m e v e 



r« = 



e eB 



and 



r„ = 



m p v p (1836 m e ) * (v e /3) 612 m e v e 



P eB eBeB eB 



We have used the fact that the magnitudes of the two particles 1 charges 
are equal and that the electron has a speed three times that of the pro- 
ton. Dividing r e by r p , we obtain 

r e m e v e /eB 11 



r p 612 m e v e /eB 612 600 

That is, the radius of the electron's orbit is only 1/600 that of the 
proton's orbit. 



[b] CORRECT ANSWER: zero 

A magnetic field never does work! From 
F fi = qv x B 

it follows that the magnetic force is perpendicular to the velocity and 
therefore to the displacement. Hence, 



O W R = /?Vds - 0 

ERLC B B 
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[a) CORRECT ANSWER: C 

Since to the rip,ht of the line ? * 0 the particle experiences no acceler- 
ation, we can write 

* = x o f v ox (t fc o) (1) 

and 

y = y 0 + v < c - t o ) (2) 

for t >_ t = fc/v. 



We already know that x 0 = I, y 0 ■ a£ 2 /2v 0 2 and v QX - v . To find v Q 
we use the fact that for t < t 0 , v y « at, so at t Q ■ fc/v, v Qy * afc/v 
Equations (1) and (2) now become 



oy 



x = I + v 0 (t - t Q ) (3) 



and 



a 2/ 2 a & v 

y - + ^ (t - c o> < 4 > 

We can solve for the time at which the particle reaches the line x = L 
From equation (3) , we find 

t - t 0 + (L - e)/v D = L/v 0 

Using this time into (4) we obtain 

aE 2 , aUL £ \ 

y at x 3 L 5 o — 5- + — I I 

7 2v o 2 v o W G v 0 / 



[b] CORRECT ANSWER: C 

The magnetic force on the proton is given by: 
f s qv x J 

Since q is positive, the direction of v * 2 will be the same as that of 
the centripetal force. Using the right-hand rule, if we curl our fingers 
from the direction of v into the page, our thumb points upward. If we 
curl them out of the page, on the other hand, the thumb points downward. 
Therefore, ft must be directed out of the paper. 

O 

ERLC 
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] CORRECT ANSWER : C 

The fact that the particles move in planar orbits follows from the fact 
that both the initial velocity and the acceleration, 



-> F qv x 

a = — = 

m m 



B 



are in a plane normal to B. The orbit is a circle because a is normal 
to v, which means that it will not affect the magnitude of v, only its 
direction. Thus, the soeed will be uniform, and as we know, this type 
of acceleration results in a circular motion. The sense of rotation is 

obtained by assuming a direc- 
tion for v and realizing 
that the center of the circle 
is in the direction in which 
the force, ? = qv * If, points. 
For positive q* ? is upward 
in the diagram (counterclock- 
wise rotation). For negative 
^ v* q, ? is downward (clockwise 

rotation) . 



vxB 



] CORRECT ANSWER: C 

The proton was accelerated from rest by a potential difference V, so 
using the definition of potential and the work energy theorem, we obtain 

qV = W - AK = i mv 2 (1) 

For circular motion, the velocity is related to the radius and the period 
by 

v = 2irr/T (2) 

Solving (1) for the potential difference and using (2), we obtain 



2q 2q \ T / q 
Now we substitute' in the numerical values. 

2 x 1.67 x 10-27 



„ 2 x 1.67 x 1Q-27 / tt x 5 Y , „. 
V ° " 1.6 x 10-19 ( 2 x 10-s ) " 1.29 x 10- volta 

TRUE OR FALSE? In uniform circular motion, the velocity of the circling 
particle is directly proportional to the period of rotation. 



ERIC 
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[al CORRECT ANSWER: D 

The velocity of the particle will not change if the total force on it is 
zero. 



Thus, 



0 = f = q£ 



qtt + qv ^ 



(1) 



or 



x B = -ft (2) 

Since t is directed along the positive y-axi^, this tells us that v y B 
must b£ along the negative y-axis. Now v * B is perpendicular to both 
v and B, so B must lie in the xz-plane. and so oriented relative to v 



that the product v x t is opposite to E 

y 



i i E 




Letting 6 be the angle between v and B, we may write equation (2) as 
vB sine = E 



or 



B = 



v sin0 



(3) 



Now E and v are fixed. However, the values of B and sin9 in (3) can be 
adjusted ^(within limits). It is to our advantage to use the full influ- 
ence of B; that is to apply the required force with a minimum B, For 
minimum B in (3) we must have a maximum value for sin9; namely, sinO = 1 
or 0 = 90° • Thus, 
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[a] CORRECT ANSWER: 0.46 m 

The kinetic energv of a particle in circular motion with radius R in a 
uniform magnetic field is 

q 2 B 2 R* 
2 m 

Thus, the dee radius necessary to accelerate a proton to an energy of 
10 MeV is 

_ /2^K /(2 x 1.67 x 10~ 27 kg) x (10 MeV) * (1.6 * 10~ 13 j/Me\Q 
R = ~^B~ = (1.6 x 10-19 coul) x (1 T) 

= 0.46 m ■ 46 cm 



[b] CORRECT ANSWER: C 

The deflection is given by 



y = - \ gt 2 



because v ov = 0. However, 



v 



where L = Ax 
Thus , 



gL 2 9 .8 x (.31) 2 i v in -16 m 

y = - fcr = - 2 x (3.25 x 107)2 = ~ 4 ' 5 * 10 m 



[c] CORRECT ANSWER: 2 x 10 6 

The equation for the potential difference, V, between two points separated 
by a displacement & in a uniform electric field S is 

v = t-a 

For d along E and the values given, we obtain 



ERLC 



F - V _ 10 5 V „ 2 x 10 6 volts 
E "d"5x 10-2 m Z 1 meter 
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[a] CORRECT ANSWER: A 

In the preceding problem we derived the equation 

The frequency of revolution of the particle is given by 

v = £L = h Y— = (2) 

2tt 27rr 27rmv/qB 27rm 

For the proton and electron q and B are the same but the mass, m, is not. 
From (2) we see that the frequency is inversely proportional to the mass 
of particle, iso the frequency of revolution of the less massive par- 
ticle (the electron) will be higher than that of the proton. 



[b] CORRECT ANSWER: B 

From the definition of the magnetic induction ft, 

1^1 - q Q l^ * ^1 = ^o vB sin0 

we see that for v ^ 0 and B ^ 0, F becomes zero only if sinO = 0. This 
is satisfied when B = 0° or 180°; that is when v and ft are parallel or 
anti-parallel. 

TRUE OR FALSE? The presence of even a small component of B perpendicular 
to v would cause a change in the velocity of the test charge. 



Ic] CORRECT ANSWER: B 

The work done on a particle of charge q in passing through a potential 
difference V is equal to its change in kinetic energy and is given by 
W ■ AK = qV, independently of the mass of the particle. (The velocity 
with which the particle emerges depends upon its mass.) For AK * 10 MeV, 
and V - n x 100 KV (and since 1 eV = 1.6 * 10~ 19 joule) we have 

10 7 x 1,6 x 10~ 19 j = qn x 10 5 volts 

or 

„ _ 1.6 x 1Q-13 x 10 7 e 
n ^Tl05 " 100 q 



ERLC 



For q = e and 2e we obtain n * 100 and 50, respectively. 
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CORRECT JSEBWER: 1.7 10 11 

Initially the resultant force on the electron is zero. Therefore 



or 



pF. + e(V * B) = 0 



n F. 



where v is the* initial speed of the electrons. Since E, v, and B are 
mutually perpendicular- -to each other, equation (1) yields 

eE — evB 



or 



JE 
B 



(2) 



When the - is turned: off, the electrons are acted upon only by 

the Fp forcv vthich causes The electrons to accelerate in the upward 
direction ("%H^ electrons are negatively charged, particles) . The 
acceleration t< constant, directed upwards and its magnitude is 



Tift 



(3) 



where m is the imass c*' an electron. The deflection y is given by 



| at* 



(4) 



where t is the time the electrons spent in traversing region fc, i. e., 



t = ~ 
v 



(5) 



Note: The electrons have no initial speed in the y-direction. Substi- 
tuting the expression for t, a, and v in equation (4) , we obtain 

1 eE I 2 



y ~ 2 m v? 



or 



y " o 



1 eE I 2 B 2 



2 m E2 
Solving for e/m we obtain 



e = 2yE , 2 x 1.7 x 1Q~ 3 x 50 
ni B* (.10)2 x (1.0 x 10-5)2 



= 1.7 * ID 11 coul/kg 

TRUE OR T5SLSE? The equation v = E/B is valid only if E, v, and B are 
mutualOW'- perpendicular to each other. 
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[a] CORRECT ANSWER: A 

Since the velocity of the beam is constant, \m conclude that the resul- 
tant force on the beam is zero. Thus 

F = qv x ~$ + qt = 0 

Solving for E, we obtain 

£ = - ~v x ft =, - (1.34 * 10 7 i) x (-LTi ^- 3 j) 

= (3.70 x lQ k ) (i x j) - 3,70 x jrtf* k awfaoul 




note 

ALL WRITTEN MATERIAL APPLICABLE TO 
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Units for Magnet ic Fiel ds 



OBJECTIVE 

Ta : define tfofc units to be used in worklag with magnetic fields; to solve 
crroblems avralving the force that acts jii electric charges moving through 
a magnet 7 ' field . 



A number .»f definitions of quantities used in the study of magnetism 
parallels those developed in the analysis of electric fields. A logical 
place to tart the work that now lies before us is the definition of 
magnetic. iduction S. A magnetic field may be visualized as a region 
permeated by lanes of magnetic force. If we designate the magnetic 
induction B as the number of field lines that cross perpendicularly 
through a unit area, and the magnetic flux as the total number of 
lines perTJsendicular to triase area A, then the relation: 

follows directly. In the MKS system, the unit of flux (}> is the W&b**v 
and, since the unit of area is the square meter, magnetic indue tioma 5 
is measured in webers per square meter. 

By international agreement, the weber per square meter is to be called the 
tesla (abb. T) . In oasic MKS units, the tesla is equivalent to: 

1 T - 1 nt 



amp-m 



This equivalence can be derived from the relationship between the force F 
acting on a wire carrying a current t in a magnetic field of intensity B: 

dF = i(0 x B) (1) 

wherein d# is a differential element of length and dF is the force accing 
on d£. Proper integration of this expression will yield the force acting 
on linear or nonlinear conductors. 

In the special case of a current-carrying straight wire at right angles 
to equation (1) reduces to the scalar form: 

F. = i£B 

or for a straight wire at any other angle to the direction of B 
F = i(dt x b) 



next page 
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continued 

The fovce F is directed at right angles to the plane formed by the 
line of the current-carrying wire and the direction of t. The di- 
rection of the force may be determined by the usual method involving 
the advance of a right -fosonded screw as one vector is rotated into 
the other, or by using the palm rule described in your supplementary 
reading. 

The CGS unit of magnetic Induction is sometimes encountered in problem 
solving and should be converted into teslas. This unit is called 
the gauss and is related to the tesla as follows: 

1 gauss = 10" u T 

In the problems to be solved in this section you will want to remember 
that the symbol e represents the absolute value of the electronic 
charge. Thus, for the electron 

q ?... = -" e 
and for the proton 



q = +e 
P 

where e = 1.69 * 1CT 19 coul. 

The problems. that follow require that you 

(a) calculate the force acting on a straight wire of given dimen- 
sions carrying a given current in a given magnetic field, or any varia- 
tion of this general relationship; 

(b) determine the direction of the force on a ^current-carrying 
wire from a descriptive diagram; 

(c) decide what will happen to the force on a current-carrying 
wire if the cross-sectional area of the wire changes, all other factors 
remaining the same. 
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PROBLEMS 



1. A metal wire of length 50 cm and mass 20 gm carries a current of 

0-1 amp. It rests on 
a pair of frictionless 
rails inclined at an 
angle of 60° to the 
horizontal (the xy- 
plane is the horizon- 
tal plane and the wire 
is parallel to the 
x-axis). A horizontal 
urriLfecm magnetic field 
eacfisats in the region. 
Wmt must be the magni- 
trnrfe <o.f the field in 
frffgyias and its direc- 
tion if the wire is 
ncrC zo slide up or down 
ttee incline? 




2. In the situation shown in the diagram below* w&at is the direction of 
the force on the wdtee? 



B 

o o o o 



3-i 



o o o o 



A. Into the paper 

B. Quit of the paper 

C. Upward 

D. Downward 



3. The magnetic force on a wire of length £ which carries a current ?" 
that is perpendicular to a megnetic field $ has magnitude F = ilB. If 
the cross-sectional area of the wire is doubled, but the current remains 
the same, the magnitude of the force 

A. remains the same 

B. is doubled 

C. is multiplied by 4 




D. is haxved 
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4, A cube of side L = 2 m is in a uniform magnetic field B = .5 T, paral- 
lel to the x-axis, A wire abed carries a current i = 3 amp in the direc- 
tion as shown in figure below. Find the force acting on the wire abed. 



y 
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5. A circular loon of radius 40 cm carries a current of 1 milli- 
aropere in the sense shown in the diagram , The loqp is placed in a 
symmetrically diverging magnetic field such that B is everywhere per- 
pendicular to the loop itself and makes an angle of 60° with the plane 
of the loop (the plane of the loop is the xz-p.lane, and the magnetic 
field lines meet at a point P on the negative y-axis. The magnitude of 
? at the site of the loop is 0,1 T. What is the net force on the loop? 

A. 2ir x 1(T 5 j nt 

B. -2tt x 1(T 5 j nt 



C. 



4tt 



1(T 5 j nt 



Do -4ir * 10" 5 j nt 
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6. 



d/ 



dF - 0 




Consider a current element of length 1.0 cm and carrying a current of 
0.25 amp. When oriented along, the positive y-axis, dt = dl j , the ele- 
ment experiences a no force. But when it is oriented along the positive 
z-axis . = dZ k, it experiences a force in the positive x direction, 
df = 4.5 x 10 -7 i nt. Assuming there is a uniform magnetic field through- 
out the region, find its magnitude and direction. 

A. t = -1.8 x 10~ 6 j T 

B. 1= 1.8 x 10" 7 j T 

C. t = 1.8 x 10~ k j T 

D. t = -1.8 x 10" 4 j T. 
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A rigid conducting wire carries a current of 0. 



-2 -1 



50 amp in the i d i ra- 
tion . The y- com- 
ponent of the ma^ne- 
tic field near the 
origin is as sketched 
in the diagram; 
namely, 

B y = (20 - *ix ; ) T 

The z-component of 
the field is zero. 
If the wire is 4 .0 m 
long and is centered 
at the. origin, what 
is the magnetic 
force on the wire? 



8. A wire bent in the form of a semicircle with radius 10 cm carries 
current i = 2 amp and is placed in a uniform magnetic field of magnitude 
2 T as shown in the diagram. What is the total force on the wire? 



y 
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INFORMATION J^ANKL Torq ue on a Current-Carryin g Loojj 



OBJECTIVE 

To ralcuiate the torque acting on a current-carrying loop immersed in a 
magnetic f ielcl . 



Students beginning their study of the forces and torque acting on a cur- 
rent-carrying loop in a magnetic field are often confused in their inter- 
pretation of the schematic diagrams that illustrate the orientation of 
the loop and its current in the magnetic field. Perhaps the simplest 
way to represent the assembly is to show it in two steps. In Figure I, 
the loop is displayed in a broadside view showing the direction of the 
current (light arrows) and the direction of the uniform magnetic field 
(into the plane of the paper as indicated by the ft x f s. ,f ) Figure 2 is 
obtained by rotating the whole diagram clockwise as seen by looking iUL 
the loop in the direction indicated by the heavy arrow. After a 90-degree 
clockwise rotation, the loop would appear as shown in figure 2. 




XX XX X X XXX 




Figure 1 Figure 2 



To investigate the forces acting on the loop, we f ll start with side df 
which, in Figure 2, is nearest the reader. The current in this side is 
directed downward at the angle of the loop so th^.t the force acting on 
this wire is outward, toward the reader. (Check this with the palm rule.) 




next page 



SEGMENT 33 



cont inued 

However, side ce, which is directly behind df in Figure 2 and therefore 
not visible to the reader, experiences an equal force into the p'nne. of 
the vaper; this is evident from the symmetry of the assembly. Sinre 
these forces have the same line of action, the resultant force and the 
torque are both zero. Thus, these sides may be ignored in the remainder 
of the analysis. 

Now, let's look at sides c:d and ef . Both of these . sides are perpendicu- 
lar to the field, hence equal and opposite forces are exerted on them, 
but the lines of action of these forces are not the same. Since, as 
seen in Figure 1, the length of cd is designated as a, the force on side 
cd is : 

F = Bia 

The force on side ef is exactly the same in magnitude but is oppositely 
directed. The moment arm of each force is the perpendicular distance to 
the axis 0, or 

moment arm = — sm0 
Thus, the torque due to the force on both cd and ef is given by: 
x = (2) (Bf-a) (| sine) 

t - Bi (ab) sin0 
t = B?"A sin A 

in which A is the area of the loop given by the product ab. 

Since the same torque acts on every turn of a multiturn loop, if the loop 
is replaced by a coil having N turns, the torque would then be 

t = NBiA sin0 

Please note carefully when working on the problems in this group, that 
the angle 0 is measured from the normal to the plane of the loop to the 
line of action of the magnetic induction vector. 
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9. A rectangular loop of sides 5 cm and 6 cm carrying a current 
i = 2 amp, is placed in a uniform magnetic field B = 2 T directed along 
the z-axis as shown. The normal to the plane of the loop makes a 30° 
angle with the direction' of t . What is the torque in nt - m on the loop 
about axis AA f ? 




10. A rectangular loop of wire, 10 cm by 5.0 cm carrying a current 
i = 2.0 amp lie^ in the x-y plane as shown in the diagram. If a uniform 
magnetic field B = -0.5 ] T crosses the plane of the entire loop, find 
the net force acting on the loop. 




X 



X 



X X 
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li. A rectangular loop of wire, 10 cm by S.O cm carrying a current 
7 = 2.0 amp lies in the x-y plnne as shown below. If a uniform magnet it 
field & ■ -0.5 k T crosses the plane of the loop, find the torque acting 
on the loop. 

y 



-10cm 




5.0cm 



12. In which of the cases below is the torque a maximum? (In all cases 
the loops are identical, the currents are the same,, and the magnetic 
fields have the same magnitude.) 



B. 

X X X X 
X 




1 



X X 

X x 



X X 



c. 



D. 



Q 
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13. In the simple motor shown in the diagram, the coil has n - 50 turns. 
The rectangular coil is 10 cm by 5.0 cm nnd carries a current of 0.50 .<mp* 
The magnitude of t field is 0.50 T. Calculate the instantaneous magnitude 
of the torque in nt - m acting on the loop. 



B 




INFORMATION PANEL Magnetic Moment of a Current Loop 



OBJECTIVE 

To define and exemplify the magnetic dipole moment of a current loop; to 
use the magnetic moment in solving certain types of problems. 



When an ordinary magnetic compass is placed in a magnetic field at some 
angle to the $ vector, a torque acts upon it and causes it to rotate so 
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continued 



that its north-seeking (N) and south-seeking (S) poles line up alom* 
the £ lines. (Figure 1). In this action, the axis of rotation of the 



AXIS OF 
ROTATION 




B 



Figure I (a) 
BEFORE IMMERSION IN ~B-FIEW 



Figure 1 (b) 
AFTER IMMERSION IN ll-FIEW 



compass is to b(* visualized as perpendicular to the paper, hence perpen- 
dicular to the B field, too. 

A current loop with its axis of rotation similarly oriented, and the 
direction of current flow as shown in Figure 2 (a) experiences a torque 
in exactly the same direction as the magnetic compass in the example 
above. The loop will then rotate so that the axis perpendicular to 
its faces lines itself up with the £ field just as did the compass. 




ft 



B 



V7 



Figure 2 (a) 
BEFORE IMMERSION IN ENFIELD 



Figure 2 (b) 
AFTER IMMERSION IN ~B-FIELD 



A compass is a magnetic dipole; it is quite analogous to the electric 
dipole previously studied in the subject of electric fields. The be- 
havior of the current loop suggests that this may also be considered as 
a magnetic dipole. Furthermore, the torque acting on it can be anal- 
yzed in a manner similar to that used for the electric dipole. 
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continued 

In the previous Information Panel, it was shown that the torque t acting 
on a current loop carrying a current i in a magnetic field of B magnitude 
is : 

t = B?"A sin" (1) 

where A is Lhe area of the loop. Tf the loop has N turns, then 

i « NBiA sinfl (2) 

The magnitude of the torque acting on an electric dipole in an E field 
is given by: 

i = vF. sinB (3) 

wherep is the electric dipole moment. The similarity between equation 
(I) and equation (3) is apparent: they both contain field intensity 
terms (E in one case, B in the other), and in both cases the intensity 
of the torque is related to the sine of the angle between the field 
lines and the dipole axis. This strong analogy enables us to designate 
ih for a single turn loop, or N?'A for a loop of N turns, as the mag- 
netic dipole moment just as p in equation (3) is called the electric 
dipole moment. If ili (or Nia) is symbolized by u, then the torque on 
a current loop may be written as: 

x = uB sinfl (magnitude) (4) 

or in vector form as: 

->-»•-* 

t = u x b (5) 

It is clear that the magnetic dipole moment u is a vector; it is directed 
along the axis of the loop (perpendicular to the loop faces) and its di- 
rection is such that it can always be determined by applying the so-called 
right-hand rule for loops: 

With the thumb of the right hand extended 3 encircle 
the loop in the direction of the current. The 
extended . thumb will then point in the direction of 
the magnetic moment vector 3 J 

The relation: 

U = NiA 

will be used in some of the problems that follow. As a further note, it 

should ^e remembered that an electron circling a nucleus in an atom is an 

elementary current loop to which the concept of magnetic dipole moment 
may be applied. 
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14. In the Bohr model of the hydrogen atom, an electron revolves around 
a nucleus in a circular orbit of radius r = 5*00 * 10~ n m. If the elec- 
tron has a speed v = 2.25 * 10 6 m/sec, find the magnitude of the magnetic 
moment (in amn - m 2 ) of the electron (orbital). Assume the circulating 
charge to be equivalent to a tiny current loop of radius r. * 



15. In the Bohr model of the hydrogen atom, the electron makes 
6.0 * 10 15 rev/sec around the nucleus. Find the average current in 
amperes at a point on the orbit of the electron. 



16. A circular loop of radius 2.0 cm carries a current of 2.0 x 10~ J amp. 
What is the magnitude and direction of the magnetic dipole moment of the 
loop? 

z 




y 



A. 


2.5 


X 


10" 6 


amp 


- m 2 


in 


the negative 


Z" 


•direction 


B. 


2.5 


X 


10" 6 


amp 


- m 2 


in 


the positive 


z- 


-direction 


C. 


4.0 


X 


io- 6 


amp 


- m 2 


in 


the positive 


z- 


•direction 


D. 


A.O 


X 


10" 6 


amp 


- m 2 


in 


the negative 


z- 


•direction 
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17 . An elliptical current loop has 3 turns, each carrying a current of 
2.0 * 10" 3 amp. The semi-major and semi-minor axes of the ellipse are 
a = 60 cm and b = 40 cm. What is the magnitude of the magnetic dipole 
moment y of the loops in amp - m 2 ? (The area of an ellipse is irab.) 




b=40cm 



I 
I 

H 

a = 60cm 
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The segment -of «£re of lengtfo &t th^ arc has a force dF on if Its 
dF = iBdl 

and its direction is rddiaJly fcward 0, the center of the arc. Since the 
horizontal component of this force is being canceled by an oppositely 
directed component associated with A ^©fT€8pondittg btt segment on the 
other side of 0, only the negative y-component of the force will remain. 
Thus the total force on the wire is pointing downward and the magnitude 
is 



F = I dF =1 dF Sine =1 iB sine dfc 
Jo Jo Jo 



Since I ■ R6, then dl = Rde and the integral becomes 

fir fir 
iB sine dl = I £B sinO Rde » 2tBR 

- ? 

Substituting numerical values, we obtain 
F y = 2iBR = 0.8 nt 



TRUE OR FALSE? Each negative y-component of the magnetic force has a 
balancing y-component on the other side of the wire arc. 
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[a] « ?RW7 ANSWER: A 

Looking at the expression giving the magnetic force on a current-carrying 
vi re , 

F = ii * B 

vo note that this force does not depend on the cross-sectional area of 
the wire. Increasing the area, therefore, will not alter the force as 
l^ng as " , * an<i ^ remain the sarnie. 

What follows is a derivation of the above expression starting from a 
microscopic point of view. It is given for review purposes and const i- 

i"'tes optional reading. 

From the relation i = ]S * nev^S, the drift speed must halve when S 
doubles in order that f remain the same. (The number of conduction elec- 
trons per unit volume is fixed for a given conducting material and the 
electronic charge is a constant.) But the force on the wire is equal to 
the number of electrons times the force on each electron, or 

F = (nSl) ' (gvrfB) « <nev d S)W - ilB 

Thus the force remains the same. It is a function of £, and B alone, 
just as the expression 

F = tl * B 

says. 



ERIC 



[b] CORRECT ANSWER: 9.6 * 10 u 

The average current i is the net charge, Q, passing a point on the orbit 
in time T. Therefore, 

Q 

* T (1) 

Let us find the current averaged over a period of one sec. Hence, Q is 
the net charge passing the point in one sec. For every revolution, the 
amount of charge passing through the point is q e , the charge of electron. 
Therefore, 

Q = q e f (2) 

where f is the frequency. Thus 
i = q e f 

= 1.6 * 10-19 * 6.0 * io 15 
0_ = 9.6 * 10~ u amp 
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CORRECT ANSWER: A 

The expression giving the torque on a loop is, as we saw in the preceding 
questions as 

x = i\l y b] = TAB sine 

where % is the current , A is the area of the loop , B is the inagne t i c 
field, and 6 is the angle between the normal to the plane of the loop 
and the magnetic field induction vector. The normal to the loop is taken 
along the direction that the right-hand thumb points when the fingers 
curl around the loop in the direction of the current. 

Let us examine the various cases presented in the diagrams: 

From the indicated direction of 
the current we find the nor- 
mal to the loop (along unit 
vector n) . We note that n is 
parallel to the page, while 
t points into the page. Thus 
ft = 90° and sinO has its maxi- 
mum value. Hence the torque 
has its maximum value in this 
case . 



A. We redraw the diagram here, 

X X fi X X 
X X>#X 

X X X X 



From the direction of the current we note that the ("positive 11 ) 

normal to the loop is pointing 
out of^the page, while the 
field B is pointing into the 
page. Thus, 6 » 180° and 
sinG ■ 0, which makes x = 0. 



X X X X 



X 
X 



X X 
X X 



X 
X 



X X X X 



In this case the normal, n, is pointing parallel to the field 

3. Thus, 6=0° and sin6 - 0, 
which again makes t » 0. 





— 




) 


H 


3 
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continued 

D. The direction of the norma 



•■' A6 _ t 

=5C 



is shown below. It makes an angle 
9 with B. Thus, the torque is 
not zero. Nevertheless, i does 
not have its maximum value 
which occures when 6 = 90°. 



[a] CORRECT ANSWER: C 

The force on the small element is given by 



dF = i dl x B (1) 

-y -y 

From the fact that dF = 0 when dl = d?, j, we conclude that the angle 
between j and 5 is either 0° or 180°; i.e., 

H = ±B j (2) 

Using this field for the differential length dX = dfi, k, we obtain 

= i dl x S = t dp, k x (±B.j) = + { di B i (3) 

We were given, however, that this force is along the positive x-direction 
(+i) . Therefore, the lower (+) is the appropriate sign in (3), and from 
(2) we see that a = -B j . Now we use the fact that in this situation 
dF = 4.5 x i(T7 nt to solve for B. Thus, 

i d?. 0.25 x io 2 



[b] CORRECT ANSWER: D 

The magnetic induction $ is coming out of the paper and the vector X is 
in the direction of the current; i.e., to the right. Turning X into 
we see that a right-handed screw would advance downward. This is the 
direction of the force 

■* -y 
F = ll x B 
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CORRECT ANSWER: 4.5 * 10 5 

The magnitude of the magnetic dipole moment of a current loop is 

\i = NiA 

where A is the area of the loop, i is the current and N is the number of 
loops. This expression holds for any plane loop, irrespective of its 
shape. The area of an ellipse is given by 

A = nab 

so 

U = NiA 

= A. 5 x 1CT 3 amp - m 2 

TRUE OR FALSE? If this problem had dealt with a 30-loop arrangement, 
the vlue of u would have been 0.045 amp - m 2 . 



CORRECT ANSWER: 0 

The forces as calculated in the preceding problem are shown in the dia- 
gram. The torque t by 
w definition is 

t = r * ? 

where F is the magnitude 
of a pair of "common mag- 
nitude M forces and r is 
the moment arm when the 
forces do not have the 
same line of action. How- 
ever, both the pairs of 
forces in this problem 
have common lines of action 
and hence, the net torque 
due to each pair of forces 
is zero. 




x 



22 



SEGMEM \ 



CORRECT ANSWER: 9.00 * 1Q~'< >U 

The magnitude of the magnetic moment is 

u = rA (1) 
where A is the area of the equivalent current loop, i.e., 

A = Tir 2 (2) 

and 7", the current of the equivalent loop, is the rate at which the 
charge passes any given point. Therefore, 

i = q f (3) 
e 

where f is the frequency of the revolving electron. The frequency f in 
terms of radius r and speed v may be obtained from 

27Tf = W = ^ 



or 

f " 2nr ««> 

Substituting the expressions for A, i, and f from equations (2), (3), 
and (4) respectively into equation (1), we find 

2 q e v 

U = 7T r - 

2-nr 

r c le v 
2 

_ (5 * IP" 11 m) (1.6 x 10~ 19 coul) (2.25 * 10 6 m/sec) 

2 

= 9.00 x 10" 21 * amp - m 2 

TRUE OR FALSE? The quantity represented by the symbol f is dimension- 
less. 
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z 

CORRECT ANSWER: 6 x 10 ~ 3 




The force on the element d£ equals i dt x ^ and its direction is paral- 
lel to the x-axis toward the right. The magnitude of total force on 
side of length a is 

F = i aB 

A force of the same magnitude but in the opposite direction acts on the 
opposite side of the loop. The forces on the sides b are of magnitude 
i bB and are oppositely directed, but along the same line of action; that 
is, along the y-axis. 

The total force on the loop is clearly zero, but the forces on the sides 
of length a do not have the same line of action and have torque t about 
axis AA f : 

x - |r x F| = y b sin 30° F + j b sin 30° F 

= b sin 30° F = i abB sin 30° = 6 * 10"' 3 nt - m 
You should note that this torque may be written as 
T = i(X x B) 

where X represents the area and the direction is normal to the plane of 
the area. 

TRUE OR FALSE? The loop is in translational but not rotational equili- 
brium. 
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a] CORRECT ANSWER: C 

Let us draw the cross-section of the loop as viewed down the z-axis. 



y 




x 



It is obvious from the symmetry of the problem that all points along the 
loop are equivalent. Let us analyze the point where the loop crosses 
the positive x-axis. The current, and therefore dt, comes out of the 
page, dt = k d£, The magnetic induction vector lies in the xy-plane and 
can be written as 

B = i B cos60° + j B sin60° 

Therefore, the force exerted on this element of the loop is 

df = i dt * $ = i dl B k * (i cos60° + j sin60°) 

■idtB (j cos60° - i sin60°) 

This force has a component upward (along j) and one radially inward 
toward the center of the circle (at this point, along -i) . It is 
clear, from symmetry considerations, that this latter component w^ll 
sum to zero as we integrate around the loop, so we conclude that F 
is along j and has the magnitude 

F = fdi i B cos60° - i I B cos60° = 2irr i B cos60° 

Q . l 

= 2tt x (0.4 m) x (1(T 3 amp) * (0.1 T) x y 
" - 4tt x 10 - " 5 nt 

TRUE OR FALSE? The 'radial component of the magnetic force in this exam- 
ple has a net value equal to the component along j. 
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CORRECT ANSWER: 6 . 25 * 1.0 



Let the length and width of the loop be I and 




w, respectively. The force 
acting on a current-car- 
rying conductor in 
uniform magnetic field B 
is 

d? = i(d'£ x h 

Therefore , the forces 
acting on sides be and 
da are both zero. The 
forces acting on sides 
ab and cd are 



ab 



and is directed out of 
the plane of the paper 
and 



SOURCE 



'cd 



= n7.£B 



and is directed into the 
plane of the paper. 

The total force on the loop is clearly zero, but the forces and F cc j 
do not have a common line of action and constitute a torque t which is 
given by 



T = 



r 



-> 
F 



where F is the magnitude of the force F a b = F cc j and r is the moment, arm. 
Therefore, the magnitude of the torque acting on the loop is 



T- = wni £B 

= 6.25 x 10~ 2 nt - m 



Note that the coil will rotate in counter-clockwise direction; note also 
that the torque may be written as „. 

t = nt(A x B) 

where A is the vector area of the loop. 

TRUE OR FALSE? Only two of the four sides of the loop contribute to the 
torque. 
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[a] CORRECT ANSWER: zero 




The force on a straight conductor i carrying a current i in the presence 
of a uniform magnetic field B is 

F - i[l * B] 

In computing the force on each segment of the conductor it is conven- 
ient to resolve the vector I into its components. Thus the force F ab 
acting on segment ab is 

' F, ={[Lj xBi] 

= -iLB k 

(NOTE: j x i = -k) 



and 



be 



? cd 



i[(L i - L k) x B i] 
-iLB j 

i[(L k - L j) x B i] 
iLB j + iLB k 



Hence 



ERIC 



F ab + F bc + F cd = -iLB k - iLB j +. iLB j + iLB k 
= 0 

TRUE OR FALSE? This solution specifically* indicates that j x i = k. 
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fa] CORRECT ANSWER: 3.92 j 

The magnetic force on a current-carrying wire is given by 

F = * B Q) 

Since $ is horizontal and the current ^lows along the positive x-direc- 
tion, I = i, the direction of B that will yield maximum force (so 
that ^ minimum B is required) must be perpendicular to I (recalL that 
|X * B| = IB sinO). Thus, the two possible directions of f are j and 
-j * If B = B j , then 

F + = x j] = t£B k (2) 

On the other hand if B = -Bj , then 

F_ -.*£B[(+i)-x (-j) = -ilB k (3) 

There is an additional force acting on the wire; namely, the gravita- 
tional force (the weight) given by 

w = -mg k (4) 

For the wire to remain stationary 

F + w = 0 



or 



F = -w 



(5) 



Thus 

F = F + = im k 
The magnitude of B may be obtained from (5) 
ilB = mg 

Thus 

D me -02 * 9.8 

= 7? = o.i * .50 = 3 - 92 i T 

TRUE OR FALSE?- The magnetic force on the wire must be exactly balanced 
by the gravitational force. 
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CORRECT ANSWER: 32 k nt 

The force on an infinitesimal segment of the wire is 

dP = i At * $ = (i dx t) x (B x i + B y j + B z k) 

= i dx(0 + B y k - B z j) 

But B z = 0, so the force is in the ^-direction = dF z k) , and 
dF z = i By dx 

We can now integrate this expression from x = -2 m to x = 2 m to 
obtain 



F z = I i B y dx = i J (20 - 3x ? ) dx 



= £ [20x •» ^1 I = i [40 - 8 - (-40 + 8)] 



-2 



= 64 i 

Using i = 0.5 amp, we obtain 



F = 32 nt 
z 



or 



F = 32 k nt 



CORRECT ANSWER: B 

The magnitude of a magnetic dipole moment of a current loop is given by 
the expression 

V = Ni A 

where N is the number of turns of the loop and A is the area of the loop. 
The direction is given by the rule that if you let your right-hand fingers 
curl around the loop in the direction of the current, the direction of the 
extended right thumb will be that of y. 

Thus is our case, the magnitude of y is 

y = i Trr 2 = 2.5 * 10" 6 amp - m 2 

directed along the positive z-axis 
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[al CORRECT ANSWER: 0 




Let the length and wit * V* of the loop be I and w, respectively. 

The force acting on a current-carrying conductor di in a uniform magnetic 
field ft is 

dF = i (dt x B) 

Hence, the forces acting on sides ab, be, cd, and da of the loop are, 
respectively, 

F ab = i m j 

F bc = -i wB i 
F cd = -i *B J 
F da = i wB i 
Therefore, the net force !" is 




note 

ALL WRITTEN MATERIAL APPLICABLE TO 
THE FOLLOWING SEGMENT IS CONTAINED 
IN THE PAGES BETWEEN THIS COLORED 
SHEET AND ^HE NEXT. 



ERIC 



SEGMENT 34 
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1 



Average Value of Torque on a Current- 
Carrying Loop _ 



OBJECTIVE 

To discuss and evaluate the average torque that acts on a current-carry- 
ing loop in a magnetic field. 



It has been shown that the magnitude of the torque Tj on a single turn 
(loop) of wire in a magnetic field is given by the expression: 

T x = BiA sin9 (1) 

in which A is the area of the loop and 9 is the instantaneous angle be- 
tween the normal to the loop area and the magnetic induction. 

In building practic \ dc motors, it is advantageous to airange conditions 
so that the torque remains reasonably constant throughout each rotation 
of the armature. In practice, this condition is closely approximated by 
using a large number of loops wound around a soft-iron core, each loop 
oriented at a slightly different angle to the magnetic field at any given 
instant. Current is led into and out of these loops through graphite 
brushes that make contact with a cylinder on the shaft called the com- 
mutator. The commutator is an automatic switching device which maintains 
the currents in the loops in the proper direction to produce the desired 
torque at all times as the system rotates. 

The average value of the torque for N loops in such an arrangement is 
equal to the average value of the torque for one loop (Tj) multiplied 
by N. It can be shown that the average value for one loop is given by: 



""£ 



de 

*i = ~= • <2> 

de 



Combining equations (1) and (2), we can then write: 



f 

Jo 



Ti r — \ sine d6 (3) 



and by integrating this expression, obtain an equation for average torque 
into which numerical values may be directly substituted for evaluation 
of a specific example. As stated, the average torque for N loops may then 
be obtained merely by multiplying equation (3) by N. 
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continued 

The core question in this portion of the segment is based upon the re- 
lationships given above. The enabling questions review the application 
of magnetic dipole moment to the solution of problems requiring the cal- 
culation of the torque on a current loop in a magnetic field. 



PROBLEMS 



I. In order to develop a fairly constant torque in a dc motor, it is 
customary to wrap a large number, N, of rectangular current loops around 
a cylinder (the armature), which necessitates a correspondingly more 
complicated commutator. In the limit of very large N, the torque is 
constant and equal to its average value. Derive an expression for this 
average value of t for N loops. The loop area is A. 

A. t = NiAB 

B. t = 2NiAB 

C. t - N£AB/tt 



D. t = 2N£AB/it 
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2. A current loop has a magnetic moment u of magnitude 4.5 * 10" 4 amp-m*' 
When it is placed in the plane of the paper in a uniform magnetic field 
as shown, the torque on the ceil then is 




B = 0.2 T 



A. zero 

B. 9 x 1CT 1 * nt-m upward 

C. 9 x ICT 4 nt-m downward 

D. 9 x ICT 1 * nt-m out of the page 
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3. A rectangular coil has 50 turns and carries a current of 10 amp. 

It is hinged so that it is free to rotate about the y-axis (see diagram). 



y 




There is a uniform magnetic field in the region given by B = 3.8 x 10 kT. 
What is the torque on the coil at the instant the angle between the plane of 
the coil and the xy-plane is <{> = 30° (toward the negative z-axis)? 

A. -76 x 10" 3 j nt-m 

B. 76 x 10" 3 nt-m in the xz-plate at 30° to z-axis and 60° to x-axis 

C. 132 x 10~ 3 nt-m in the xz-plate at 30° to z-axis and 60° to x-axis 

D. -132 x io" 3 j nt-m 
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4. The diagram shows a prototype of the dc electric motor. The cur- 
rent loop is free to rotate about the z-axis; the magnetic field is 
uniform and along -i. The commutator, C, is a device for switching the 
direction of the current in the loop so that the current in a given 
side of the loop is always toward the commutator when it is on the right 
and away from the commutator when it is on the left. 



y 




Which of the following statements about the torque exerted by the mag- 
netic field on the loop is correct? 

A. The torque always has magnitude t£wB and is directed along 
-k. . 

B. The torque always has magnitude t£wB, but half of the time \ 
the torque is directed along k, and half of the time along 

-k. 

C. The magnitude of the torque varies between zero and i£wB, but 
the torque is always directed along -k. 

D. The magnitude of the torque varies between zero and ifcwB and 
half the time the torque is directed along k and half the 
time alotig -k. 



6 



SEGMENT SU 



INFORMATION PANEL 



Work and Energy Considerations for Current- 
Carrying Loops in Magnetic Fi elds 



OBJECTIVE 

To determine the work done in rotating a loop through a given angle in 
a magnetic field. 



Reviewing briefly: the torque on a current loop immersed in a magnetic 
field may be expressed in vector form as: 



T - y 



(1) 



in which JJ is the magnetic dipole moment and "8 is, as usual, the magnetic 
induction. The magnetic dipole moment lies along the axis of the loop 
and its direction is given by the right-hand rule: 

When the fingers of the right hand curl around the loop tn 
the direction of the current* the extended thumb then points 
in the direction of the magnetic dipole moment. 

Thus, in the accompanying diagram, the magnetic dipole moment points at . 
right angles to the rectangular current loop. The current loop shown, 

if free to rotate about axis ab, would 
do so as indicated in the diagram, i.e., 
in a counterclockwise direction as 
viewed from above. Since torque acts 
on a current loop, it follows that 
work must be done by an external agent 
if this agent is to change the orien- 
tation of the loop in the field. 
Whether this work is to be considered 
positive or negative depends upon 
whether the potential energy of the 
loop increases or decreases. The 
zero-potential energy position is 
arbitrarily taken as^the position of 
the loop when y and B are at right 
angles to one another, or when 0 = 90°. 

Thus, the magnetic potential energy possessed by the loop in any position 
8 can be defined as the work that the external agent :r*ust do to rotate the 
loop from its zero-energy position where 0 «.90° to the new position 0. 
As shown in your assigned reading, the potential energy U is thus expressed 




U » ~y 



(2) 
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continued 

To find the work done by an external agent on the loop (positive or nega- 
tive), it is therefore necessary to find the change in potential energy 
that occurs as the dipole is rotated through the given angle. It follows 
that: 

w = u f - u. 

where the subscripts represent the final and initial potential energies, 
respectively. 

The core problem in this section of the segment deals with the situation 
described above. The enabling questions are concerned primarily with a 
review of the methods used to calculate the force acting on a current- 
carrying conductor in a magnetic field. 



5. If a current loop of magnetic moment y = 4.5 * 10 amp-m is free 
to rotate about its minor axis in the B field of 0.2 T magnitude as shown, 
it will do so according to the right-hand rule; i.e., if the thumb of 
your right hand points in the direction of the torque, the loop will 
accelerate in the sense your fingers curl. How much work in joules is 
done by the magnetic field in turning the loop through one quarter of a 
revolution from the rest position shown? 




9 
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6. A single loop of radius R, carrying a current i is placed in a 
uniform magnetic field b as shown in the diagram. What is the expres- 
sion for the potential energy of the loop in the magnetic field? 




B 



A. 


U 


- -y • b 


B. 


U 


= -y x fi 


C. 


u 


= y • B 


D. 


u 


= y x b 




7, A small current loop of magnetic moment y is placed in a uniform 
magnetic field B. The potential energy U of the system as shown in 
diagram (a), (b), and (c) are: 



(a) 



B 



x 




(c) 



A. U = 0 , U. = 



B. U = 



C. U„ = 



D. U„ = 



yfi, u b 
o , u b 



0 and U c = 0 jejspectively 
0 and U c - 0 respectively 
yB and U Q = yB respectively 
-yB and U c = yB respectively 
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8. A circular coil with radius 10 cm is carrying a current 2.0 amp. 
The magnetic moment vector u of the coil makes an angle of 6 = 60° with 
a uniform magnetic field B of magnitude 4 T. How much work is required 
to turn the coil from its initial position to a position such that the 
vector V makes an angle of 120° with the ? field. 



INFORMATION PANEL Magnetic Fl ux 



OBJECTIVE 

To calculate the magnetic flux through given surfaces in a field of known 
magnetic induction. 



The ' associated with a magnetic field is defined as he surface inte- 
gral - the magnetic induction or 

$ = j t'dt (1) 

The integral is taken over the entire surface, closed or open, through 
which the flux passes. For the special case where the magnetic induction 
t is uniform and normal to a finite surface S, the flux across the area is 

* = BS (2) 

When B is measured in teslas (T) and the area in square meters, the flux 
is expressed in webers (Wb) . Th weber may therefore be defined as 

the magnetic flux through a plane surface of 1 square meter 
area normal to the magnetic field of intensity 1 T. 



next page 
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continued 

Expressed in scalar form, equation (1) is usually written: 

* = Jb.cosG dS (3) 

in which G is the^angle between the magnetic induction vector B and the 
element of area dS. 

Since magnetic lines have no beginning or end but form closed 
curves in space, the net magnetic flux passing outward through 
any arbitrary closed surface is zero. 

The problems in this section involve calculations of flux in circum- 
stances for which the information provided above is essential. 



9. A hollow hemispherical bowl of radius 15 cm is placed in a uniform 

magnetic field of magnitude 
2.0 T. The open (flat) end 




of the bowl is normal to the 
field. Calculate the magnetic 
flux through the bowl. 



10, A closed sphc ,al surface 5 cm in c&dius is placed in a uniform 
magnetic field of magnitude 0,5 T. i .V r &te the magnetic flux through 
the surface. 
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U. A uniform magnetic field of magnitude 5.0 T makes an angle of 20° 
with a plane surface S of area 1.0 m^ . Calculate the flux *r through S. 
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INFORMATION PANEL The Magnetic Field on the Earth 



OBJECTIVE 

To answer questions and solve problems involving inclination, declina- 
tion, and other characteristics of the Earth's magnetic field. 



The accompanying diagram, adapted from one of your source trata, should 
be very helpful to you in visualizing the vectors into which ?:he magnetic 




field of the Earth may be resolved. The sequence of drawings will be 
of most assistance to you if you scan them from left to right as the 
discussion proceeds. 



(A) The shaded area at the top of the block of "Earth" is to be 
taken as the surface ^ith a point of observation at 0. The actual mag- 
netic vector of the B-field of the Earth has been drawn in pointing down- 
ward and slightly to the e;ast. This vector is identified as B. 

(B) The magnetic vector of the Earth's field $ has bsen resolved 

to shov its vertical component, labeled ? v . ? A dipping needle ajt the point 
of observation would point along the vector Theoretically, B and B v 
would coincide only at the north magnetic pole of the Earth. 

(C) In this drawing, the vector ? has been projected on the surface 
to show its horizontal component B H . An ordinary magnetic compass, held 
horizontally, points along this component. 8j is the dip or inclination 
angle. 



next page 
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continued 

(I)) Finally, the horizontal component has been resolved into its 
northerly component Bjsj and its easterly component Bp; . The angle Op is the 
an^le of declination. Tb* angle of declination measures the deviation of 
the horizontal component from true north. 

The relationships among the various components and the actual field vec- 
tor may be listed as follows: 

B H = B cosOj 

By = sinOj 

= cose D 
ftp = sinO^ 

You will find the relationships presented above helpful in solving the 
forthcoming problems in this section of your work. 



13. The magnitude of the Earth's magnetic induction at Cambridge, 
Massachusetts is B = 58 yT. The inclination and declination are 73° 
north and 15° v^est, respectively. What are the eastward (Be) , north- 
ward (%) and upward (or vertical B v ) components of B there? 



A. 


B E = 


17 yT 


; b n = 


17 


yT 


B v = 


55 yT 


B . 


B E = 


0 


; b n = 


17 


yT 


; b v = 


55 yT 


C. 


B E ■ 


-14 > T 


; b n - 


54 


yT 


; b v = 


-17 yT 


D. 


B E = 


-4.4 yT 


» B N = 


16 


yT 


: b v = 


-55 yT 
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14. The horizontal component of the Earth's magnetic field is gener- 
ally directed 

A. northward in the northern hemisphere and southward 
in the southern hemisphere 

B. southward in the northern hemisphere and northward 
in the southern hemisphere 

C. northward in both hemispheres 

D. southward in both hemispheres 



15. The vertical component of the Earth's magnetic field is generally 
directed 

A. downward in the northern hemisphere and upward in the 
southern hemisphere 

B. upward in the northern hemisphere and downward in the 
southern hemisphere 

C. downward in both hemispheres 

D. upward in both hemispheres 



16. Select the statement which correctly describes the variation of 
the i.ia^nitudes of the horizontal and vertical components of the Earth's 
magnetic fi?.ld B as you travel from the magnetic equator to the magne- 
tic poles. 



A. 




decreases 


from 


35 pT to 0; 


B v 


decreases 


from 


70 yT to 0. 


B. 


% 


increases 


from 


0 to 35 yT; 


B v 


increases 


from 


0 to 70 yT. 


C. 


\ 


decreases 


from 


35 pT to 0; 


B v 


increases 


from 


0 to 70 yT. 


D. 


B h 


increases 


from 


0 to 35 yT; 


B v 


decreases 


from 


70 yT to 0. 
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17. The declination (or variation) at Canbribi,?., Massachusetts is 15° 
west. This means that 

A. the north end of a cc y ss needle points 15° 
west of north 

B. . the north end of a compass needle points 15° 

north of west 

C. the north end of a dipping needle aligned toward 
the west dips 15° below the horizontal 

D. the north end of a dipping needle aligned 15° 
west of north will dip below the horizontal 



18. The inclination (or angle of dip) at Cambridge, Massachusetts is 
73° north. (The declination there is 15° west.) This means that 

A. the north end of a dipping needle, aligned 15° south 
of wes dips 73° below the horizontal 

B. the north end of a dipping neeule, aligned in the 
south to north direction, points 73° above downward 

C. the north end of a dipping needle, aligned 15° west of 
north, dips 73° below the horizontal 

D. the north end of a dipping needle, aligned 15° west of 
north, points 73° above downward 



19. How should a straight current-carrying wire be oriented so as to 
achieve the maximum upward force on it by the Earth's magnetic field at 
Cambridge, Mass. 9 The inclination and declination at Cambridge are 73° 
north and 15° west, respectively. 

A. horizontal with the current in a direction 15° north of east 

3. horizontal with the current in a direction 15° west of north 

C. 17° above horizontal with the current in a direction 15° 
north of east 

D. 17° above horizontal with the current in a direction 15° 
west of north 



16 



SEGMENT 34 



CORRECT ANSWER: zero 

The definition of flux is 

= /B'dS = /R cosO dS (1 ) 

area dS. Looking at 
the diagram, we 
note that for everv 
element of area, 

! , making an angle 
fi with the uniform 
magnetic field R, 
there is a diame- 
trically opposite 
element of area, 
dS ? , which makes 
an angle tt-0 with 
3. Since 



cos0 = -cos(tt-O) 

the contributions of thes o elements of area to the integral in (1) 
cancel each other. Thus when the integration is carried out over the 
whole surface of the sphere it yield^ zero. Hence, the flux is zero. 

This result in fact is independent of the shape of the surface. The 
flux through any closed surface placed in a magnetic field is zero. 
You may, of course, recall the same result for closed surfaces placed 
in a uniform electric field. 



where 6 is the angle between B and the element of 




CORRECT ANSWER: A 

The lines of magnetic induction have the same direction as the north 
end of a dipping needle. In general, the north end dips in the northern 
hemisphere and the south end dips in the southern hemisphere. Therefore 
the vertical component of the Earth's magnetic field is downward (into 
the ground) in the northern hemisphere and upward (out of the ground) in 
the southern hemisphere. Due to the fact that the geographic and magne- 
tic equators do not coincide, there are some positions on the Earth's 
surface where the vertical components have directions opposite to the 
above, but this is not the general case. 
1 
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[a] CORRECT ANSWER: 9 > 10 * 

For a current loop in a magnetic field, the potential energy is given 
by 

U = -u-B 
Thus, initially 

Ui = -uB cos90° = 0 
whereas, after one-quarter revolution 

U f = -vjB cosO 0 = -uB 

= -4.5 x 10" 3 amp-m ? x 0.2 T - -9 x 10" 4 J 
The work done by the magnetic field on the loop is 

W = -(U f - U.) = 9 * 10" 4 J 

Note the work done by the loop is U f - Uj, which is the negative of that 
done by the f ield . 

TRUE OR FALSE? The magnitude of the work done by the loop on the field 
is the same as the magnitude of the magnetic induction. 



[b] CORRECT ANSWER: B 

By the right-hand rule, the direction of the magnetic dipole moment of 
the loop is out of the page. Rotating this into B would advance a right 
hand screw upwards. Hence, the torque 

> •> 

T = U X B 

is directed upward. Since u and j$ are perpendicular, the angle between 
them, 6, is 90°. Usin£ the given value of p we obtain 



t = uB sinG = (4.5 x 10* 3 amp-m 2 ) x (0.2 T) x (sin90°) = 9 x lO" 4 nt-m 
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CORRECT ANSWER: A 

The force on a wire-carrying current 

f = a x B 

is perpendicular to both £ anc B. Therefore, the^vertical component of 
B cannot contribute to the vertical component of F. The horizontal com- 
ponent of B can, however, contribute to the horizontal component of F. 
(The reason is that by "horizontal" we mean some direction in a piano, 
whereas by "vertical" we mean a single direction)- Whereas 

F = il xB K 



is a maximum for all orientations of Z perpendicular to B^, it is maxi- 
mum and vertical only when I is perpendicular to Bh and, at the same 
time horizontal. Now B^ is 15° west of north, so J must be (see diagram) 
15° north of each in order for it to be normal to B] x snd at the same 

* time I * B be point- 
ing up. Note that 
N although the vertical 

component of the force 
is now a maximum, the 
total force is not 
vertical. Its hori- 
zontal component is 
given by 

F h = it x B v 

which is, in fact, 
_^ greater than the 

£ vertical compo nen t , 





F v = it'x B h 



since SL is perpen- 
dicular to both $ v . 
and md B v > B h , 



TRUE OR FALSE? Since I is perpendicular to both B v and B h , the force 
vectoj£ on the wire due to the magnetic field of the Earth lies within the 
B v - B h plane. 
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CORRECT ANSWER: D 

y 

The potential energy of a small current loop of magnetic moment v 
when placed in a uniform magnetic field B is 

U = - (m • h 

Therefore. 

D a - - <v j * B £) 
= 0 

U b « - (u i • B 1) 

= - B 
U c = - (-M i • B i) 

• = yB 



CORRECT ANSWER: C 

The field 1 ines run generally from the south to the north magnetic pole. 
At various positions on the Earth's surface there is an east-west compon- 
ent, and due to the fact that the magnetic and geographic poles do not 
coincide exactly, the lines are even sometimes directed southward, but 
this is not the general case. 



CORRECT ANSWER: C 

From pictorial representations of the Earth's magnetic field shown in 
your textbooks, it is readily seen that the field is horizontal at the 
magnetic equator and vertical at the magnetic poles. Closer examination 
of the figures also reveals that the field lines are denser at the poles 
than at the equator* 
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|a] CORRECT ANSWER: D 

The average value of t for N loops is equal to N times the average value 
of t for one loop. The magnitude of the torque Tj for one loop is 

t ] * z AB sin9 

where A is the area of the loop and 0 is the instantaneous angle between 
the normal to the area and the ~$ field. An average value for one loop 
is given by 



f 



Tj dG 



I 



de 



Therefore , 



Jo 



sinB de = TAB ■=■ (-cose) 



« iAB I (l + l) - 

TT TT 

The average torque for N loops is thus 
M - 2NiAB 

TRUE OR FALSE? In the above solution, 8 is the instantaneous angle be- 
tween the plane of the loop and the magnetic field vector. 



[b] CORRECT ANSWER: 5.1 Wb 

For a uniform magnetic field over a surface of area S 
4> B = BS cosG 

where 9 is the angle between B and the normal to S. If 8 ' is the angle 
which S makes with the surface S, then 8' + 9 «• 90°, so cos9 = sin9'. 
In our case, 9' = 20°, so 

* B = 15 sin20° Wb 
- 5.1 Wb 



ERIC 
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CORRECT ANSWER: 0". 1ft Wb 

We can use the definition of magnetic flux 



<i> B = j)E 



(1) 



to solve the problem. The given surface is open, of course, so that 
the result cannot be zero. We can simplify the problem considerably 
by noticing that the projection of the hemispherical surface on a 
plane normal to B is the "equatorial" plane of the bowl which is a 
circle of radius r. The area of this circle is Trr 2 , so the flux is 

$ B = 7Tr 2 B = 7T x (1.5 x Kf* 1 m) 2 x (2.0 T) = 0.14 Wb 

What follows is a calculation of the flux by integrating (1). For our 

element of area we choose a 
strip of the spherical sur- 
face r The mean radius of 
this "circular 11 strip is 

a = r sinO 

and its width is 

dw = rd6 

Thus, the differential of 
area becomes 



(2) 



T 

O 

L 




(3) 



(4) 



dS = 2?radw = 2?rr sin9 rd6 ■ 2?rr z sin9 d6 

The direction of d^, n, is not constant but it makes a constant angle 
with B all around the strip, so 

B*dS » 2?rr 2 sin9 d9 (B cos9) = 7rr 2 B sin29 d9 
Integrating (6) from 8 = 0° to 8 = tt/2, we obtain 



(5) 



(6) 



$> B = TTr B 



!tt/2 
0 



sin29 d9 = TTr^B 



tt/2 
0 



= 7Tr 2 B - y (-1 -1) = 7Tr 2 B 



Compare this with the expression evaluated in (2). 

TRUE OR FALSE? In the latter part of the solution above, it is shown that 
the flux through the entire inner surface of the hemispherical bowl is equal 
in magnitude to the flux through the "equatorial" plane. 
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[a] CORRECT ANSWER: A 

The torque on a current loop is 

T * y * "S 

where 

y « iX 

The magnetic potential energy at an angle 6 is defined as the work that 
an external agent must do to turn the current loop from its zero-energy 
position (0 = 90°) to the given position. Thus 

U = [ T d8 - f iAB sin6 d0 - -yB cos6 = -ft • $ 
J 90° J90° 



"1 

[b] CORRECT ANSWER: C 

The dipping needle is aligned 15° west of north; i.e., in the direction j 
of the horizontal component of the Earth's field, so that it is free to 1 
rotate into the direction of the resultant field, which is necessarily 

in the plane formed by the vertical and horizontal components of the . 
Earth's field. The resultant here is 15° west of north and 73° below 
of horizontal. 



[c] CORRECT ANSWER: C \ 

The torque is given by | - y * ^>^so its magnitude is T ■ yB sin9, where 

9 is the angle between y and B, y is not always normal to B. Instead, , 

sin9 oscillates between 0 and 1 as the loop rotates. The angle is actually 

restricted to lie between 0° and 180°, because y changes direction when 

the direction of the current switches; so the angle which would have *") 
been 181° becomes 1°. The purpose of the commutator is to arrange that 
the torque is always in the same direction; in this case, along -k. 

'! 

TRUE OR FALSE? One function of the commutator is to cause the current 
in the loop to change direction when 6 passes through 180°. 
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[a] CORRECT ANSWER: 0.24 Wb 

y 




The equation for the magnetic flux, 4> R , passing through a surface S is 

* B = /B-dS (1) 

the integral being over the surface S. 

For a uniform magnetic field, let 6 be the angle between B and the normal 
to S. Then 

<1> B - /B cos6 dS - BS cos6 (2) 

Now we use the fact that the triangle abO 1 (or dcO) is a right isosceles 
triangle so that the length ab is 0.4 SI m. The area abed is thus 0.08 /2 m 2 . 

* B = (3 T) * (0.08 72 m 2 ) cos45° 

= 0.24 Wb 

Note that S cos8 is the projection of area on the xz-plane which is OO'ad 
in the diagram. Therefore 

<J> B = 3 * ,0.2 x 0.4 - 0.24 Wb 

TRUE OR FALSE? The flux through the base of the right triangular prism is 
twice the flux through its largest face. 
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CORRECT ANSWER: 0.25 j 

The work required is the difference in potential energy between the two 
positions- The potential energy may be written as; 

U - -y • B 

where 

y = ik- 
Thus the work is 

W = U Q = 120° - U Q « 60° 

= (-yB eosl20°) - (-yB cos6 f 0°) 

» 2 tAB cos60° - 0.25 j 

TRUE OR FALSE? It is quite possible for the resultant force on a current- 
carrying loop in a magnetic field to be zero yet have a torque acting on 
it. 



CORRECT ANSWER: A 

We wish to calculate the torque from 
T = y x b 

so we must first calculate y. The magnitude of the magnetic moment is 

y « NiS - 50 x 10 x (.20 x .40) - AO amp-m 2 

Its direction is given by the direction in which a^screw advances when 
rotated in the sense of the current. For <f> « 0°, y is along k. There- 
fore, for <f> = 30°. 

T m |y x b| = yB sin* - (40 amp-m 2 ) x (3.8 x 10~ 3 T) * \ 
= 76 x 10" 3 nt-m 

The direction of T is that in which a screw advances when rotated from 
y into B; i.e., along -j. Therefore, 

t - -76 x 10~ 3 j nt-m 
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[a] CORRECT ANSWER: D 

We choose a ri^ht-handed coordinate system with origin located at Cambridge 

[(up) 



y(N) 




The vertical and horizontal components of B are given by 
B v = -B sin73° = -(58 pT) x 0.957 = -55 uT 



and 



B h = B cos73° - (58 uT) * 0.292 = 17 uT 



where £he negative sign for B v denotes that it is downward. We now re- 
solve B^ into components along east and north. 



and 



B E = -B h sinl5° = -(17 pT) * 0.259 = -4.4 \*T 
B N = B h cosl5° = (17 uT) * 0.966 = 16 uT 



TRUE OR FALSE? The inclination of the Earth T s field at Cambridge is 
represented by the direction of B v in the figure. 



[b] CORRECT ANSWER: A 

A declination of 15° west means that the north end of a compass needle 
points L5° west of north. "Magnetic north 11 1s 15° west of geographic 
(true) north at this location. That is why declination is also known 
as variation; it gives the magnitude (here 15°) and direction (here 
west) of the variation of magnetic compass needle from true north. 
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INFORMATION PANEL 



Ampere \s Law 



OBJECTIVE 

To define and relate the quantities that appear in the statement of 
Ampere's Law. 



This Information Panel is intended to serve as a supplement to your read- 
ing on the subject of Ampere's law. It is concerned specifically with 
the definitions of the terms used in the statement of the law, and with 
interpretations of the relationships among these quantities. 

Ampere's law is a quantitative relationship which gives the connection 
between an electric current and the magnetic field produced by this cur- 
rent. In its most basic form, it may be stated descriptively as follows: 

-> 

The line integral of the magnetic induction B around any closed 
path is directly proportional to the net current through the 
area bounded by the path. 

Symbolically, 

j B r d£ = k (1) 
in which iLi is the net current; this is further explained below. 
The proportionality constant is specifically symbolized by p Q as in 

j B-dl = p Q £i ( 2 ) 

where p is known as the permeability cons tant and i s as s igned a value 
of 



P o = 4tt x io 



-7 



webers/amp-m 



(3) 




In explaining the significance of the 
terms, reference is made to Figure 1. 
The closed path of integration is so 
labeled. Inside the area bounded by 
this path are, say, three conductors 
carrying currents while, outside the 
area is another current-carrying con- 
ductor. The currents in two of the 
three conductors inside the area (centered 
dots) are directed out of the paper; 



Figure 1 



next page 
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continued 

these are 7*j and i ? - -The remaining two conductors carry current into the 
plane of the paper. As stated in Ampere's law, the line integral of the 
magnetic induction is proportional to the net current through the area 
bounded by the path of integration. Thus, current i, 4 which is nufnirfe 
the path makes no contribution to the magnetic induction whatever. The 
net current is therefore given by 

i = 7* j + i ? - (M 

Note the algebraic signs and their meanings. If, for example, the mag- 
nitudes of these currents were, respectively, 2 amperes, 3 amperes, and 
5 amperes in that order, the net current through the bounded area would 
be zero. Hence the magnitude of the B field would also be zero. 

You will note in your reading that the formalized quantitative statement 
of Ampere's law as given in equation (2) is derived in your texts for 
the special case of the field around a long, straight current-carrying 
conductor. Experiment shows , however, that this equation is valid for 
any magnetic field shape, any combination of current-carrying conductors, 
and any path of integration. 

Except for configurations of high symmetry, Ampere's law is seldom applied 
for the purpose of determining magnetic flux density. However, for situa- 
tions in which symmetry considerations make it possible, the law is ex- 
tremely useful. Some examples follow: 

(1) SOLENOID. The field near the center of a solenoid whose length is 
much greater than its diameter is given by 

B « M 0 ni. 

in which n = the number of turns per unit length; and i is the current 
in the solenoid wire. 

(2) PARALLEL PLATES. The field in the region between parallel plates 
and not too close to the edges is given by 

B = u i/w 
o 

in which i = the current in either plate; and w = the width of either 
plate. This applies to parallel plates that are very much longer than 
they are wide. 

(3) LONG WIRE*. The field near a long wire is given by 

B « u 0 £/27rr 

in which r = the distance perpendicularly from the wire at which the 
magnetic induction is measured. 
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PROBLEMS 



1. An infinitely long, thin coppe^ wire carries a 50-amp current. What 
is the magnitude of magnetic field B at a distance of 0.50 m from the 
wire? 



2. The magnetic field lines around a long, straight current-carrying 
conductor are 

A. circular in a plane perpendicular to the wire 

B. elliptical in a plane perpendicular to the wire 

C. parallel to the wire and in the direction of the current 

D. parallel to the wire and directed opposite to the current 



3. Which of the following rules can help you determine the sense of 
the magnetic field lines generated by a current? 

A. With the thumb of the left hand pointing in the direction 
of the current, the fingers will curl in the same sense 
as the magnetic field lines. 

B. With the thumb of the right hand pointing in the direc- 
tion of the current, the fingers will curl in the same 
sense as the magnetic field lines. 

C. With the thumb of the right -hand pointing in the direction 
of the electron flow, the fingers curl in the same sense 
as the magnetic field lines. 



D. 



Both statements A and C above. 



4 



SEGMENT -35 



4. In Ampere's law, (j> t*dt = v 0 i, the symbol i represents the net cur- 
rent v - * . 

A, along the path of integration 

B, enclosed by the contour of integration 

C, generating the field B 

D, generated by field $ 



5. An infinitely long coaxial cable consists of two concentric conduc- 
tors as shown in the diagram. There are equal and opposite currents 
i = 2 amp in the conductors. Find the magnitude of the B field outside 
the cable at r = 3,0 m. 



\ 



a 
b 

c 



= 0,50 cm 
= 1,0 cm 
= 1,5 cm 
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INFORMATION PANEL 



Applying Ampere's Law 



OBJECTIVE 



To apply Ampere's law to the solutions of problems involving configurations 
of high symmetry. 



Ampere's law 

B'd£ = \i Q i (D 



may be applied and relatively easily evaluated when applied to the contigura- 

tion illustrated in the accompanying 
diagram. A long, cylindrical conductor 
in the form of a hollow sheath \. it> 
cylindrical symmetry and yields to a 
direct application of the law. As shown, 
the radius of the hollow section is a, 
the radius of the outer sheath surface is 
b, and we are interested in determining 
the magnitude of the induction at some 
distance r from the center. Noting that 
r is larger than a but smaller than b, 
we can immediately see that conducting 
area enclosed in the circle of radius r 
is given by: 

s » Tr(r 2 - a 2 ) (2) 

If the total current in the conducting material is I, then the current 
density j may be expressed as: 




j 



7t(b2 - a2) 



(3) 



But only a fraction of this total current is present within the area 
enclosed by the path of integration; that is, the conducting area inside 
r. This fraction, symbolized by i, is the net current required for use 
in Ampere's law and is clearly; 



(b* - a*) 



(4) 



For this case, equation (1) can be made specific by using equation (A) to 
determine the net current i. 
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6. What is the magnitude of B ai n r from the axis of a < nr- 

rent-carryin£ cylindrical shell in which the current density is uniform? 
The inner radius is a, the outer radius is b, and b > r > a. 



A. 
R. 



zero 

" 0 < r? ~ n ?) I 

2ti (b? - a") r 

2v. h ? - r> r 



2ti r? - a' 



7. An infinitely long cylindrical wire of diameter 1.0 cm carries a 
current of 6.0 milliamperes uniformly distributed over its cross section. 
Use Ampere's law to calculate the magnitude of the magnetic induction at 
a distance of 5.0 cm from the center of the wire. 



8. A conducting cylindrical shell with respective inner and outer radii 
a and b carries a current T uniformly distributed over the cross section 
of the shell. For which values of r is the magnetic induction equal to 
zero? 




A. 


only at 


r - a ' 


/ 


B. 


only at 


r = 0 




C. 


for r < 


a 




D. 


for r * 


b 
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9. Use Ampere's law to calculate the ;nitude of the magnetic induc- 
tion at a distance of 2.0 mm from the ronter of an infinitely lonp cylin- 
drical wire of radius R - 0.50 cm whit!, carries a current ?' R =6.0 milli- 
amperes uniformly distributed over its cross section. 



IN FORMATION PANEL Forces Between Current-Carrying Conductors 



OBJECTIVE 

To solve problems in which the force exerted by one current-carrying con- 
ductor on another current-carrying conductor is to be determined. 



When two current-carrying conductors are placed parallel to one another, 
each one exerts a force on the other. This force is attractive if the 
current directions in the two wires are the same and repulsive if the 
currents are opposite in direction* To evaluate the magnitude of this 
force, we apply Ampere's law; 



i-dt 

in which, for this case, 



i 

cas 

/ 



t'dl = B (2ird) 



(1) 



(2) 



Thus: 



B = 



27Td 



(3) 



To render this more specific, we rewrite it in the form shown in equation (4) 

which then expresses the magnetic induc- 
tion at the location of wire a due to the 
current in wire b. 



t 



2nd 



(A) 



Applying the right-hand rule, we let the 
extended thumb of the right hand point in 
the direction of the current in wire b 
and observe that the fingers encircle 
wire b in such a manner as to point out 
of the plane of the paper at the site of 
wire a. For this reason, we have placed 
a small circle and a central dot on wire a 
to show the direction of the magnetic field due to the current in wire b at 
this point. 



next page 
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continued* 

From your previous v -n know that the force acting on an element of 

length dZ of wire . ^arr> a current i a is given by: 

dF = t a di * B a (5) 
The magnitude of the force on wire a is then: 

F a - * a *' B b (6) 
where I is the full length of wire a. 

Combining equations (4) and (6), we can write for the force on wire a: 



F a = z a i 



o^b 

2-rrd 



(7) 



In most problems, this relation .is more useful when expressed in terms of 
force per unit length. Thus, 



F a _ ^b 
— = Uo 



27Td 



(8) 



It should be observed that, although this derivation was based on considera- 
tions involving determining the force on wire a due to the field produced by 
the current in wire b, exactly the same relationship also gives the force on 
wire b due to the field produced by the current in wire a. Aside from the 
fact that the commutative relationship of i a i b permits one to write i^i a 
with equal validity, Newton 1 s third law indicates that the force on wire a 
must be equal to the force on wire b but opposite in direction. 



10. Two long wires carrying parallel currents of 2.7 and 5.0 amp, respec- 
tively, in the same direction are separated by a distance of 3.0 cm. What 
is the force per unit length of each wire on the other? 

A. 9.0 * 10~ 5 nt/m, attractive 

B. 9.0 * 10~ 5 nt/m, repulsive 

C. 9.0 * 10~ 7 nt/m, attractive 

D. 9.0 x 10~ 7 nt/m, repulsive 
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Introductory Notes 

The following four rjuostions are related to the two parallel current- 
carrying rnn/lnrfp" hown beLow. 




x 



i a =3A 'b=15A 



11. Two long parallel conductors separated by a distance d - 10 cm carry 
parallel currents of i =3 amps and = 15 amps. The directions of the 
currents and coordinate system are as shown in the diagram. Both conductors 
are parallel to the z axis and lie in the x-z plane. At the position of 
conductor a, the magnetic field set up by conductor b is 



A. 


\ - 


3 x io~ s j nr 


B. 


V 


-3 x 10 -s j T 


C. 




6 x 1(T 6 j T 


D. 


V 


-6 x io- 6 j T 
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12. Calculate the magnetic force on a 2 meter length of conductor a in 
the previous question, 

9 x 10~ s i nt 

-9 * lCT* 1 nt 

1.8 * 10"' f i nt 

-1.8 * I0~ k i nt 



A. 


-> 




■V 


R. 


F a 






C. 




D. 





13. For the conductors shown in tfhe diagram of question 11, what is the 
force exerted on a 2 meter length of conductor b due to current 



A. 


-> 

F i 




-> 


B. 


F i 




-> 


C. 


F i 




■> 


D. 


F, 



l.B * 10 14 i nt. 



-9.0 * 10" * i nt 



6^© x 1(J^ 5 i nt 



-l.t lO"" 4 i nt 



14. Tf the dire- tton of the current in conductor a., of the preceding 
question, i = 3 amp, is reversed, which of the f ©Glowing statements about 
the directions of the forces on a and b is correct:? 

A. The directions of both forces remain unchanged 

B. The directixm of the force on conductor a only is 
reversed * 

C. The direct jam of the force on conductor b only is 
reversed 

D. The dia^eilcm of both forces is reversed. 



l 
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15 



A clockwise current i 



2.0 amp is set up in the rectangular loop 
in the accompanying diagram. What is the net force on the loop due to 
the magnetic field produced by i^l 



i, =3.0 amp 1 



0.80m 



0.50m- 



I 



I— 0.30m— I 
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16. A current-carrying wire is immersed in a uniform external magnetic 
field R e as shown below 




6 being the unit vector tangent to the circle of radius r. The force 
on the wire is now 



A. 


zero 




B. 


f = it 




C. 


F * il 




D. 


F = ^2. 


x B 
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17. Two infinitely lontf thin straight wires carry currents of 30 amp 
and 50 amp, and cross each other as shown in tho ( } vrj - Calculate 
the magnetic induction at point P, which is In the plane of the wires. 




A. 1.3 uT into the -paper 

B. 1.5 uT into the paper 

C. 5.3 uT into the paper 

D. 6.2 pT into the paper 



18. Two loGEg parallel wires are separated by a distance of 60 cm. They 
carry currents i\ = 5.0 amp and i 2 - 10 amp, both in the same direction. 
A third 2.0:m long wire is placed between the two, and parallel to them 
±n such a Location that when a current i 3 is set up in this wire it experi- 
ences no net force. How far from wire Hi is this third wire located? 



A. QD cm 

B. 40 cm 

C. Jfl cm 

D. 20 cm 



WIRi#l 



X- 



WIRE*2 
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19. What current i ? must be set up in the loop below in order that the 
force exerted by the current i } on the element ab of the loop be 

5.6 x ICT? j nt? 

A. 1.4 amp clockwise 

B. 1.8 amp counterclockwise 

C. 2.0 amp clockwise 

D. 2.2 amp counterclockwise 



y 



3.0 amp i 


a 

k 


I 

1 


3 

0.8 

|c 


Om 




0-5Oot- »» 


! — 030m — 

1 


1 
1 

1 
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CORRECT ANSWER: 9.6 >' 10~" T 



Cylindrical symmetry once again enables us to use Ampere's law to calculat 
B. But here we choose a circle of radius 2.0 mm as our integration path, 
and so the current enclosed by the contour is not 6.0 milliamperes. It 
is, instead, the portion of the current enclosed by the path of integra- 
tion. Since the current is uniformly distributed throughout the wire, the 
current density (current per unit area) is constant. Therefore, 

i = !£5T = Vr7 = constant 



and 

i = t r « (6.0 milliamperes) * - (6.0 milliamperes) * [f^~] 2 

= 0.96 milliamperes * 

Thus, 

0.96 milliamperes » £ « — [ B-dt = B X (2irr) 

with r = 2 .0 mm, and 

B = ^ = Att * 1Q-7 „ Q>96 x 10 -3 

B 27rr 2tt * 2.0 * 10"3 9 ' 6 10 T 

TRUE OR FALSE? The portion of the current enclosed by the path of inte- 
gration is less than the total current in the wire. 



CORRECT ANSWER: A 



The fact that the magnetic field lines around a long, straight current- 
carrying conductor are circular in a pfHane perpendicular to the conductor 
may be seen most graphically by performing a simple experiment. Iron 
filings, strewn onto a glass plate through which a currant -carrying con- 
ductor passes perpendicularly, align tifaemselves in the direction of the 
magnetic field when a current is passed through the conductor. The con- 
centric, circular pattern is readily visible. 
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[a] CORRECT ANSWER: D 



A current-carrying wire ulaced in a magnetic field will experience a force 

given by 



d =60 cm 



8 



d-x 



0 



ii =5 amp 



i 2 =10 amp 



? = it x b 



(1) 



It should be apparent from the 
cross product that the force can 
be zero if (a) the wire is para- 
lel to B or (b) if B is equal 
to zero. The first possibility 
is ruled out since is directed 
into the paper and $2 is directed 
out of the paper while the wire 
is parallel to the plane of the 
paper. This means that 

t x + 1> = 0 

Now Bj and B2 are oppositely 
directed, so we must find the 
position at which Bj ■ B 2 . 
Let that position be a distance 
x from wire number 1. Then 
we must have 



(2) 



2ttx 27r(d - x) 



or 



and 



ii (d - x) ■ i ? x 



x = 



^ 1 + v 2 



Substituting the given values in (3) , we obtain 

x x e* n 5 l°i^ P x (60 cm) = 20 cm 

(5.0 + 10) amp 



(3) 
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[a] CORRECT ANSWER: D 

When the direction of t a changes, the field at a remains unchanged 
(B b ! - %) , while the direction of I changes (£ a ! = -£ a ) . Therefore, 



-V -V 

Similarly, the direction of the field at b v due to £ fl reverses. (B a ! ■ -B fl ) 
but the direction of t remains unchanges (fc a f = . Thus 

V --<bV * *a' " 'A * *a - »V 
Hence, the directions of both forces are reversed ♦ 

TRUE OR FALSE? When the direction of i changes, the field at a does 
not change since this field is due to the current in wire b. 



[b] CORRECT ANSWER: 2.4 * 10~ 8 T 

Cylindrical symmetry insures that the magnetic induction has a constant 
magnitude along, and is tangential to, any circular path centered on the 
wire. Thus, by Ampere's law, 



\ = B(2TTr) 



where i is the current enclosed by a circle of radius r and B is the mag- 
nitude of the magnetic induction along the circle. A circle of radius 
r » 5.0 cm encloses the entire wire, and so i = 6.0 milliamperes . There- 
fore, 

B - - 4U V 0 " 7 *'*; 0 X 10 " 3 = 2.4 x 10-* T 
2ur 2tt x 0.050 



Note: For points that lie outside of the conductor, the B field is inde- 
pendent of the radius of conductor. 
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[a] CORRECT ANSWER: B 

Ampere's law for magnetism is the analog of Gauss's law for electricity. 
Note the similarity: 



Gauss's law 




Integrate over a closed surface. 

q is the net charge enclosed by 
the surface. 

-> 

Enables one to find E for con- 
figurations of high symmetry. 



Ampere's law 

Integrate around a closed path. 

i is the net current enclosed by 
the path. 

Enables one to find B for con- 
figurations of high symmetry. 



[b] CORRECT ANSWER: D 

Following the procedure (and notation) used in the previous question, we 
find 

*b = *b* * B a - *b* k * \^27T" j 

p o *a *b 0 J _ 4tt x iq-7 x 3 x 15 x J 
• = 2tt d " " " 2tt x 10-1 

= -1.8 x I0~ k i nt 

We might have come to the same conclusion by making use of Newton f s third 
law of motion which holds regardless of the way in which a force is appli 
on a body by another body; i.e., by direct contact or via a field as in 
the present case. Since the force on conductor a was found to be r 
1.8 x 1Q- 1 * i nt, the force on b is opposite to that; i.e., -1.8 x 10" 1 * i 




fa] 



CORRECT ANSWKR: A 



The force is attractive because the currents have the same direction. 




Let us calculate the magnetic 
field due to the current-carrying 
wire b at a point on wire a. 
Using Amper/'c law, we find 



B-dfc - B 2tt d = u i. 

o b 



or 



ll o t b 
a s 2tt d 



The direction of the magnetic 
field is out of the plane of 
paper . 

The force acting on an element dt of wire a carrying current i is 

a 

dF = i a dt * t 

Therefore, the magnitude of the force on a unit length is 

The direction of dl* is toward wire b; i.e., attractive. 

You may similarly calculate the force on a unit length of wire b due to 
the field generated by wire a. 

TRUE OR FALSE? The force on a unit length of wire b due to the current in 



wire a is also given by y 0 



Vb 

2tt d 



, but this force is repulsive. 



[b] CORRECT ANSWER: C 

Because of the cylindrical symmetry, Ampere's law gives B = y Q t/27rr, where 
i is the current enclosed by a circle of radius r. The cylindrical shell 
has an inner radius a, and so i a 0 for r < a. Therefore B « 0 for r < a. 



1 
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[al CORRECT ANSWER : C 

The force on an infinitesimal element of the horizontal sides of the 
loop is 

d£ = i 2 dt * 3 

where 

B = vi 0 t ] /27rx 

Now dJi - ± i dx ("V if the current is toward right and if the current 
is toward left), and B B -B k, so 

dF = i 2 (± i dx) x (-B k) = + t 2 B dx(i x k) = ± t 2 B dx j 

For the element ab of the loop the upper sign stands for clockwise, and 

the lower sign for counterclockwise current. For ^ to be along j, the 

current i 2 must be clockwise. In order to determine the magnitude of 

the force, we must integrate dF from x = 0.50 m to x = 0.80 m. Thus 

= Jo.50 t2BdX Ho.50~ 5- ta M 



= 2.8 x 10" 7 t 2 
Tn order that F be 5.6 x 10" 7 nt, t 2 must be 2.0 amp; i.e. 

F 5.6 x 10" 7 



to = 



2.8 x 10-7 = zia * 10-7 = 2 -° ^ 



TRUE OR FALSE? The requirement that must be met in this problem is that 
the vector direction of the force exerted by current i l on element ab 
be along -j, 



[b] CORRECT ANSWER: C 

The meaning of the symbol B in F = it x b is just B e ; namely, the external 
magnetic field which exists at the location of the wire. 



m 4, x 10-7^ x 3> o x i 2 ^ (i 6) = 6 q x io . ? ^ x 
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SEttftKI 1?. ?1 
CORRECT ANSWER: 0 

The magnitude of the R field may be calculated using Ampere's law 
B'dt - |i fX»i (1) 



f 



From symmetry, the magnitude of the ^ field is constant for every point 
in a circular path of radius r centered on the inner conductor. If we 
take the path of integration to be a circle of radius r, then dl and & 
are always tangent to the path of integration. Therefore, 



B-d* - B 2vr (2) 



where B is the magnitude of the magnetic field at a distance r from the 
center. However £i enclosed by the path of integration is 

£ 7 ; . i . i = o (3) 

Substituting the results of equations (2) and (3) into equation (1) , we 
find 

B 2iTr = 0 

or 

B = 0 

TRUE OR FALSE? If the currents in both conductors had the same direction, 
the magnitude of & at a distance r = 3.0 m would still be zero. 



CORRECT ANSWER: C 

The force on a length I of conductor a is 
Fa = *a* * \ 

where B^ is the field »*' n at t 1 * petition of conductor a. by current 
^b ( B b was calculated ih preceding question.) Substituting the 

numerical valu* -> we ou.aiu 

t = 3 x 2 k x (-3 x 10" 5 j) 

= -1.8 * 10 -t4 (k x j) = 1.8 * 10'** i nt 
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CORRI'XT ANSWET- 

The magnitude 
f 

0 B *<}< 
J 

The integral is 
r centered on t 
tion has the s 
namely, tangen 



or 



L0" r> T 

lc field $ may be calculated from Ampere's law: 



evaluated for a path consisting of a circle of radius 
For all points on this circle, the magnetic indue- 
nitude, B, and b and dl have the same direction; 
ne path of integration. Thus, the integral becomes 



dl - B 2-rrr = u Q £ 



B = 



Substituting nam 



B = 



TRUE OR FALS£? \v 
moment of the o>r 



A values, we obtain 
4ir x 10~ 7 50 



2tt 



0.5 



= 2.0 x 10" 5 T 



is solution, the symbol \i Q represents the dipole 
of integration . 



[b] CORRECT ANSWE/ B 

The field of a long current wire has been calculated by Ampere's law. We 
can use this result, B = u 0 ?'/27Tr, for each of the wires and add the two 
contributions vectorially. The perpendicular distance of each wire from 
P (this Is what "r" stands for) is 

s r = (3.0 m) x s in60° = 2.6 m 

The field of the 50 amp current is into the paper; that of the 30 amp 
current is out of the paper. The resultant field is therefore into the 
paper and has a magnitude 



so - 30) = 4ir ; 10 "' jj 20 = 1.5 x 10-6 T 
2ir x 2.6 
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T ANSWER: B 
>in e we have cylindrical symmetry, we can 




dd^wver, j is given by the expression 



Ampere's law to finH 
(1) 



K = u 0 U2t 



where i is the current 

nclosed in a circle of 
radius r. The current 
density is uniform, so 

j = £/S = constant (2) 

The cross-sectional area 
of the part of the shell 
enclosed in a circle of 
radius r >_ a is given 
by 



S = Tr(r 2 - a 2 ) 



j = Tr(b2 - a?) 
-Substituting (3) and (4) into (2), we obtain i: 

1 ~ 1 (b2 - a 2) 



(3) 



(4) 



(5) 



Itoms, we can find B using (5) and (1) 
B = 



U 0 t 



y 0 I(r 2 - a 2 ) 



2Trr " 27r(b2 - a 2)r 



TRUE OR FALSE? I and i both symbolize current, but I stands for the total 
cuisEent in the conducting material. 
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[a] CORRECT ANSWER-.. 3i 



The magnetic fiovld o 
symmetry) B fe - Uc/- im- 
position of costal -* .'< >r 



current ±s (from Ampere's law and cylindrical 
r, where r is the distant from b. Thus at the 
a, r 88 d and we have 



4*_^_ ior 7 * is 

2tt * KO-l 



- O ^ If 



T 



The magnetdLci ffieid ^?*rtor po inns in the negative y direction. Thus, 
the correcr ."anstw^r i ■ 



% - -3 ICT 5 j T 



[b]. CORRECT AHSWERr * 

Two points involved ±n this statement are woxth noting • Eisrr:, ve have 
followed the conn^entEion about current msed tinrmrghout the cnarse.; namely,, 
consider the cflir^ertioiE that positive crdrarges would move as st'hte: direction 
of tthe current Sesond., we harae used :tiie right-hand rule, wftsich has 
been used throu^ho^t; the course (right -~hand:ed coordinate sysQESns:, cross 
product, etc.) 




Mctgnetic field 
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CORRECT ANSWER: -7.2 < 1<T 7 i nt 
The force on current-carrying element is 
dF = i d? v b 



(1) 



Tlje magnetic field S is the same for the t«o synwHEe^rric elements d^i and 
d£ 9 . However, the currents in d£j and df., are c^srasite to each other. 
Hence, from equation (1), the forces on the up]7tei sad loraar segments of 
the loop are equal in magnitude (corresponding «el* ,l ?*eiits of each segment 
a^e at equal distances from the wire) and ctt^fii^iy directed (along 
+j for the upper, and -j for the lower segfflsrpi ) . The force on each 
vertical side is 

F = ^ 2 l y B 

where B is constant along each side, but hs* Afferent value at each side 

For the near side, is along 

-i and 



F n = » 27 x 1 
n 



with x n = 0.50 m. Similarly, the 



force on the far side is 



with x f = 0.80 m. 

Therefore, the net force on the loop is 



F = F n + Ff = l2 + - 




- 2.0 



x 0.80 x 4lT */ 0 7 * 3.0^- o^r+ ~ 



= 9.6 x 10 -7 x (-0.75) = -7.2 x 10 _T 1 met 



TRUE OR FALSE? The forces acting on the upper anid lower segments of the 
loop cancel one another. 
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The Magnet 1 Field of a Solenoid and Torold 



OBJECTIVE 

u'o calculate the magnetic fielc characteristics of several typical 
solenoids; of severe typical torpids. 



7 be derivation of the equation which gives tiite magnitude of the inagne tic 
; nuhiction for an infinitely long., idv:il solenoid appears in your assigned 
reading and also in :the first of the ^nailing-problem solutions that 
follow. It will nosr fee repeated here Several Individual points of 
±mf onmatiom are wortii reemphasizing, ^awyever. • 

<1) The relffrriociship is 

B = M 0 i :> n 

1 he cj^rrenr syrmtel is given a subscript to distinguish It from the net 
^urven:t that passes through ttoe area ibou&ddid by the path of integration. 
The cncr.rent t" c . is Th»£: curreanr in the virre off the solenoid, i.e., the 
curremt that atomic ite measronressl by an amnaetaEir in series with the wirrafinng . 
The -symbol ct is it-i-ssil fco represent the mmbeir of turns per unit length 
xiox\ taisned in tite ^ofenioid winxMng . 

CD WsespiitB the icact thatt the eqois£±on was derived for an ideffiil 
.^1qiiq3M, ±r wark ^ quiiice well! if or the msnetic induction for internal 
ajniniits near ^ae .sm&s off the sss&Lenoid. 

•£3D Fot pCTtettical solenoids, the r Tnagnitaide of the induction does 
matt degrasil visn die diameter or length; it may also be considered uniform 
zzz>os& th& snssss motion of tine solenoid winding* 

Tlie nsaaiaerr of turns per unit: length is given by the product 
uf the total rmmfesErr of turns amd the Tasmber of layers, divided by the 
total length of t3» winding. Care nrust be taken to keep the units 
caansiSrttaent . 

PPctrr a toroid, $te aiagndtswSe s£ B is <#*i?adnetl from 

in whiiirih N. ois nine total number of turara^and r is the distance ffxom time 
szenter <of tifae "-Joughnut" to the point zinside the winding for wh±ch B is 
icq fm determiaaeBd . Two Imp o rtant facts* ^should be reiterated for a tonnidSr 



next page 
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SEGMENT 3b 



continued 

(1) Unlike a solenoid., a toroid develops an iuterical field that is 
™iot uniform in cross season. The magnetic induction fcrr points inside 
rhe winding decreases in magnitude as the distance from the ceinter is 
Increased. 

(2) The field outsiiuke dhe toroid structure is negligible and may 
be takem as zero in probilsni work. 

In this section, yon wiUL encounter problems isi which yomi are to 
((a)) calculate the vsalue of B inside a typical toroid; 
<b) determine the value of B at the center of a typical solenoid; 
(c) pru>ve tihat the uralwe of B outside a typical toroid is zero. 
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PROBLEMS 



1. A flexible solenoid of length 70 am arad diameter 4 cm is bent into 
a toroid (the stniape of a dotaghnut) which Eaas irarrer and outer radii of 
10 cmi and 14 am respectively. If the solenoid produces a uniform 
magnetic field of B = 4 * 1©~ 3 T, what is the value of B inside the 
toroid at a distance r = 11 -can as sihowm in the diagram? 




2. A solesioiri is 2.0 m long and 5,0 cm ia dtiLanKefcer.. It has 6 layers of 
windings of MOD turns each and carries a currcantt of 2.0 amp. What is 
the magnitude fs£ 5 at: its cemfcerT 
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3. A toroid of inner radius a and outer radius b has N turns. The 
direction of current i 0 is shown in the diagram. Find the magnitude 
of the t field at a point r, where r > b. 




A. A solenoid which measures 20 cm in length and 5.0 cm in diameter is 
wound with 4 layers of 250 turns each. How much current i Q must the 
windings carry in order to produce a magnetic field of 10 -1 * T inside the 
solenoid? 



5. A toroid of inner radius a and outer radius b has N turns. The 
direction of current i Q is shown in the diagram. Find the magnitude of 
the $ field at a point r, where a < r <b. 
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The Biot-Savart Law 



OBJECTIVE 

To utilize the Biot-Savart law for solving basic problems involving the 
magnetic induction produced by a current in a conductor in configurations 
of low symmetry. 



The Biot-Savart law replaces Ampere's law in configurations where the 
latter is too difficult to apply. The Biot-Savart law may be written 
in scalar form as 



dB = 



p i di sine 



4*r2 



where r*is a displacement vector from a 




current element to the point P 
at which the induction is to be 
determined; 0 is the angle 
between r and the current element 
as indicated in the accompanying 
diagram. The direction of dB is 
that of the vector dt * r. In 
vector form, the Biot-Savart law 
may be written as 



dB = 



dt 



4iTr 3 



The resultant field at P is found 
by calculating the Vector integral 
of dB. 



In this portion of your work, you will be asked to solve problems in which 
the magnitude of the magnetic induction is to be determined for configura- 
tions like a long, straight wire, a circular loop, and a hydrogen atom 
with its single revolving electron. 
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7. The diagram shows a circular loop which carries a current i in the 
clockwise sense. Find the contribution dB, of the infinitesimal loop 
element, dt, to the magnetic induction at the center of the loop. 




A. dB = o 



V d£ 
4tt r 3 



B. dB = 

C. dB « 

D. dB = 



Po^ dZ 
4 it r 3 

Po£ d£ 
4tt r2 

4tt r 2 



out of the page 

into the page 
out of the page 
into the page 
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8. Find the magnetic induction at point (7.00 m, 0 f 0) due to a current 
elemrnt 0,300 mm long which is oriented along the y-axis centered at the 
origin and carries a current i = 4.00 * 10" 3 j amp. 

y 




(7m # 0 # 0) 



A. -2.45 x 10" 15 k T 

B. 2.45 * 10" 15 k T 

C. -1.63 x KT 11 k T 

D. 1.63 x ICT 11 k T 



9. In the Bohr model of the hydrogen atom the electron circulates 
around the nucleus in a path of radius 5.1 x 10" 11 m at a frequency 
f « 6.8 x 10 15 rev/sec. What value of t is set up at the center of 
orbit? 
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10. A rectangular loop having dimensions 60 cm * 80 cm carries a current 
of 3.0 amp in th^ clockwise sense. Find the magnetic induction at the 
center of the loop, 

A. Zero 

B. 9.0 x 10~ 7 T into the pape 

C. 1.6 x 10~ 6 T into the pape 

D. 5.0 x 10- 6 T into the pape 



3.0amp 



a: 60cm 



b = 80cm ► 



11. An infinitely long, thin copper wire carries a current i - 25 amp. 
Using the Biot-Savart law, find the magnitude of the magnetic field B 
at a distance a = 2.0 m from the wire. 



12. A conductor of length 6.0 m carries a current of 4.0 amp in the 
direction shown. Find the magnetic induction at point P, 42 cm along 
a line perpendicular to the wire at its upper end. 



6.0m 



a=42 cm p 



A. 


6.7 


X 


io- 8 


T 


out 


of 


the 


paper 


B. 


9.5 


X 


io- 7 


T 


out 


of. 


the 


paper 


C. 


1.9 


X 


io- G 


T 


out 


of 


the 


paper 


D. 


1.4 


X 


10" 5 


T 


out 


of 


the 


paper 



i = 4.0 amp 
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13, A conductor of Length 6.00 m carries a current of 4.00 amp in the 
direction shown. Find the magnetic induction at point P, 42.0 cm along 
a line perpendicular to the wire at its midpoint. 



6,00m 



42.0cm 
P o--l- 



A. 


9.40 


X 


10" 8 


T 


into 


the 


paper 


B. 


2.65 


X 


io- 8 


T 


into 


the 


paper 


C. 


1.88 


X 


10" 6 


T 


into 


the 


paper 


D. 


1.90 


X 


10" 6 


T 


into 


the 


paper 



14. A rigid wire bent into the form of 
inscribed in a circle of radius 20.0 cm 
Calculate the magnitude of the magnetic 

polygon. 



a regular 18-sided polygon 
car^^afca current of 3.00 amp. 
induction at the center of the 



15. Three 10-m insulated wires, ea 
intersect at their midpoints making 
each other as shown in the diagram, 
to the three conductors . 




(3) 



i carrying a current of 2.0 amp 
ngles of 60° with respect to 
Find the t field at point P due 



A. 


2.8 


X 


io- 8 


T 


into plane of paper 


B. 


5.6 


X 


10- 8 


T 


into plane of paper 


C. 


2.8 


X 


io- 8 


T 


out of plane of paper 


D. 


5.6 


X 


10" 8 


T 


out of plane of paper 
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16. A circular loop of radius a is carrying a current i. What: is the 
magnetic field 3 for points on the axis? 



"P 





M 0 ta 



A * 2(a2 + y2)3/2 i 



v 0 i » 
B ' 2(a2 + y2) J 



^i 0 ^ 



2(a2+ y2) 



2y 
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[a] CORRECT ANSWER: C 



We use the Biot-Savart law, which gives the field at P due to the 

infinitesimal segment dA as 




d"£ = ilsi dl x r 
4tt r3 



(1) 



The direction of dB is into the page at P and the magnitude is 

dB = V JL i| sin* = cose dl 

4tt r* 47Tr^ 

We express dl and r as functions of 0, where 

I - a tanB d£ = a sec 2 0 d0 r = a/cos0 = a sec0 

Substituting these expressions into (2) we obtain 
a sec 2 0 cos0 d0 



B = 



4tt J 



0 = ^o£ r 

4 it a J 



cos0 d0 



a2 sec20 

The upper and lower limits on 0 are given respectively by 

tan^ 1 (±l/a) = tan" 1 [(±3.00 m)/(0.420 m) ] - tan" 1 <±7.14) 
= tan" 1 (7.14) « ±82° 



The integral of cos0 is sin0, so 



B = 



4ira 



sin0 



82° 
-82° 



4ira 



[sin82° - sin (-82°)] - 



27Ta 



sin82 c 



a 4tt x 10' 7 x 4.00 x 0-99Q . 1-88 x 1Q -6 T 
2tt x 0.420- 

We notice that as the length of the wire increases 9 B + y o t/2ira 
as it should. 



(2) 



(3) 



(4) 



(5) 
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CORRECT JINSWER : B 




The fieM to a current carrying element idi at the distance r is 
given bj the- Biot-Sav^rt law: 

A - tsL ■ iLii <i) 

'47T r 3 

Since dl an ' t are perpendicular to each other and dB is directed into the 
plane of th<? paper, we have 

dB * *8L J* (2) 
4tt r 2 



Therefeme 



. f i^iii . «-*_ f ^ dt . M (3) 
J 0 47tr2 4irr2 J Q 2r 



TRUE OR FALSE? If the current direction had been counterclockwise, 
equation (1) would not have led directly to equation (2) in the solution- 



SEGMENT 36 



1 J 



CORRECT ANSWER: D 

According to the Biot-Savart law the magnetrie field dB due to current 
carrying element d£ at a distance r is giveir by 



dt = 



Uo^ dl x ? 



4* 



r3 




From symmetry, the contribution to the magnetic &eiSUfl at P from conductors 
(1) and (2) is zero. The direction of the 2 field doe the remaining con- 
ductor, i.e. (3), is out of the plane of the paper. Therefore 



dB = 



^o 1 dl r cos9 



4n r 3 

- Vq 1 cosO dl 
4n r2 

The magnitude of the B field due to the lO-m wire is 

•5 m 



B 



/5 m 
5 m 



Vp 1 cosQ d£ 
4n r 2 



From geometry we have 

r = a secO 

where 



I » a tan6 and d£ = a sec 2 6 d6 



a = 5.0 m . , 

The limits of integration become -7r/ 4 to 7r/4. 



Hence equation (1) becomes 

•tt/4 



B 



55 U 



/4 



cosQ a sec 2 6 d8. 
a 2 sec 2 6 



next page 
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continued 
or 



Therefore 



M ° 1 coso de 



4ira J -»M 



B - (2 sin45°) 



2 

- 5,6 x 10"* T 
and is out of the plane of the paper. 

TRUE OR FALSE? If point P -were rait at the midpoint of the arc formed by 
conductors (1) and (2), this solution would not have been valid. 



a] CORRECT ANSWER: 13.4 T 

The current is the rate at which charge passes any point on lihe orbit 
and is given by 

i = ef = (1.6 x 10" 19 coul)(6.8 x 10 15 sec" 1 ) = 1.09 * 10" 3 amp 

The magnetic field B at the center of the orbit may be calculated from 
the Biot-Savart law: 

* ll^£ d£ _ V = (Att x 1(T 7 )(1.09 x l(T 3 ) _ , 
B "JAtt R2 2R . (2)(5 r l) x KT 11 ) 



TRUE OR FALSE? If the frequency of revolution were half the value given 
in this problem, then the magnitude of "$ would be twice 'as great. 
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[a] CORRECT ANSWER: 7,5 * 1CT'* T 

Let ins fiar*t calLruilate the magnitude of the magnetic field of an infinitely 
long solenoid fcy applying Ampere's law 

J^B • di = v Q i 

The iEntegxat&on is to be evaluated along tfeae rectangular path abed shown 
below 



XXXXXXXXXXXXXX 
The integral -nay be writitseni as 

B ■• da = J B • d^ + J B • da + J B • da + J B - dP. 

TItoe first integral on the right is Bh where B is the the magnitude of tfche 
magnetic field inside the solenoid and h is the arbitrary length of fchue 
pGaztrh from a to b. The second and fourth integrals are zero because B is 
:perpend±cular to every psatth elements dlL The third integral which includes 
tifae part of the rexrfcangle that lies outside the solenoid is zero for all 
external points cm tasx ideal solenoid. Thus, the integral is 



3§ • dt = Bh = \\ Q i 



where i is equal to i Q nh and n is the number of turns per unit length- 
Thus, Ampere's law becomes 
Bh = Uo^o ^ 

or 

B = Wo n 

It is interesting to note that B does not depend on diameter for an 
infinitely lo^g, ideal solenoid. 

Substituting^&fae given data, we obtain 

B = Uo^o n « 4tt x 10" 7 * 2 x 6 x 1000/2 



= 7.5 x 10~ 3 T 
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CORRECT ANSWER: 2.5 * 10" h T 

According to the.Biot-Savart law, the n^agnetic 
field d& due tto current carrying element dt at 
a distance r Is given by 



dS = 



Ho 7 - d% * r 
4s r 3 



If we assume the direction of the current 
as shown in the diagram, then the B field 
due to every element of the wire is into 
the plane of the paper on the Tight side. 



Therefore 



dB = 



Vp 2 -' dl r sine 
Att r3 



or 



A J Vo* sine Jn 
dB ~ - — dZ 



4tt r2 

Tlhe magnitude of the B field due to the infinite wirre is 
l£ * 00 sine d£ 

r £ .= -co 




B = 



Jz 



4rr 



(1) 



From geometry we have 

r = a csce Z = -a cot0 

Hence equation (1) becomes 



and dl = =a csc 2 6 de 



«« Jo 



sine a csc 2 e dB 



esc 



or 



qTTa I. 
JO 



sine d9 



Therefore, 



2ira 

B = 2.5 x 10~ 5 T 



(2) 



Note: The result could have been obtained using Ampere's law without 
integration due to symmetry of the configuration. However, the Biot- 
Savart law is useful in obtaining the: 5 field for any curren distribution!. 
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CORRECT ANSWER: 4 x 10*" 3 T 

From symmetry, we know that the magnetic field inside the toroid takes th 
form of concentric circles, each cix^cle being uniform along its length. 
Applying Ampere's law to the circular path of integration* of radius r, th 
magnetic field B 1 inside the toroid is 



i 



3, dt = v 0 i 



or 



Bj 27rr = u Q i 0 N 



Solving for Bj we obtain 

= ~§irr (1) 

In equation (1) the p*raduct M 0 ^o ® un ^nown but anagp b»e found from an 
expression for B inside a solenoidL Using Ampere's 1», it can be 
readily shown that, imside a soleuroid 

B = (2) 

Evaluating equation (2) numerically we have 

W 0 i Q H = Bfc = (4 x 10 3 T> w (0.7 tie) « 2JB x 10 3 T-m 
so that the field inside the toroid B^ ixoin equation (1) is 



m Moio_N m 10 _ 3 
1 2ur / 



Note that the field inside a toroid depends on the distance from the 

center whereas in a solenoid the field 12s uniform. 

TRUE OR FALSE? In a ttoroid, the value of B is the same for all values 
of r. 
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CORRECT ANSWER: 9,51 x iq-G T 



We use the result of the preceding question for each side of the polygon. 

The contribution to fi of 
each side of the polygon is 
directed into the page (for 
the choice of current sense 
shown) and has a magnitude 

B i 88 SI sin0 



where a = r cosG and 

G = 2u/2n = 7r/n = tt/18 



r= 20.0 cm 




r = 20.0 cm 



Thus, 



Vet 

Bl = 2^ tan 




The contributions of the 18 sides add algebraically, so 



Note that 



18 Bl = 18 tan ^ 



= 9.51 x 10" 6 T 



„ 4tt * iQ-7 x 3t00 x 18 x Q.176 
2tt * 0.200 



lim N tan ( ^ j = lim N [ ^ ) = tt 



and so B M Q i/2r as the number of sides of the polygon increases and it 

approaches a circular current loop of radius r ,= 20.0"cm. (For N = 18, 

N tan (n/n) - 3.17 - 3*14 ■ tt.) This agrees with the calculation for the 
field at the center of a circular current loop. 



TRUE OR FALSE? For a polygon of 180 sides (instead of 18), we would 
have N « 180, N tan (ttAi) - tt. 
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COKRLCT ANSWER: Zero 

From symmetry, the B field lines form concentric circles outside the 
toroid. The magnitude of the B field at the point r may be calculated 
using Ampere's law. Let us choose a circle of radius r as the path of 
integration. Therefore, 



B • d£ = \i 0 V 



= P 0 (Ni 0 - Ni 0 ) 



^ B 



or 

dl = 0 (1) 



The magnitude of & (if any) is constant at every point on the circle 
and further $ and dt are always tangent to the path of integration. 
Therefore, 



t • dt = B 2ur (2) 
Equating equations (1) and (2) we find 
B = 0 



CORRECT ANSWER: A 

The current element is very short so we approximate dt by the element 
length 0.300 mm. Applying the Biot-Savart law directly, we obtain 

d g = J^o£ dl x r = _^o£ dl ,i x i 
4tt r3 4tt x2 



M 0 t dl 
4tt x2 



k - - 



4tt x 1Q- 7 x 4.00 x 10- 3 x 3.00 x 10~' 4 
4tt (7.00)2 



- -2.45 x io 



-15 
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[a] CORRECT ANSWER: A 




The magnetic field due to an element d£j at P is given by the Biot-Savart 
law as 



dB, = 



1 4tt r,3 



where 



r } = /y2 + a 2 



and ^ is the distance from the plane of the loop. The angle between djtj 
and rj is 90° and the direction of d$j is as shown in the diagram. The 
magnitude of dBj is thus 



4tt r] 2 



—r 

Let j^s now take another line element d£ 2 which is diametrically opposite 
to dHj. Using again the Biot-Savart law we obtain 



, D pi d£ 
dB 2 = o 2 

4tt r 2 2 

and its direction is shown in the diagram. It is clear from the diagram 
that the horizontal components of I and are of equal magnitudes but 
are pointing in opposite directions. 

Thus the horizontal components will cancel out in pairs and only the axial 
components will contribute to 5 at P. Thus, 



B * 



where 



4tt r2 4u r z r 

O 
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continued 

and the integration over dl yields B: 

8 a J dB axial " 47" ?3 J dfc " ~frT~~ 

Substituting 

r = /y? + a 2 
we obtain finally 

15 " 2(y2 + a 2)3/2 
pointing in the +y direction. 

TRUE OR FALSE? The axial components of d$\ and dl^ are equal in magnitude 
and opposite in direction. 



CORRECT ANSWER: C 

From symmetry considerations, the B field lines form concentric circles 
inside the toroid. The magnitude of 2 at point r may be calculated using 
Ampere's law. Let us choose a circle of radius r as the path of integra- 
tion. Therefore, 



B • dl = \i Q z 



Po Ni o (D 



The magnitude of ? is constant at every point on # the circle and further ^ 
and dl are always tangent to the path of integration. Therefore, 



t ' dt = B 2-nr (2) 
Equating equations (1) and (2) we find 



TRUE OR FALSE? For a given circle of integration in the toroid, the 
magnitude of 6* is constant along its entire length. 
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[a] CORRECT ANSWER: D 




According to the Biot-Savart law, the 
magnetic field dB due to a current 
carrying element dl at a position r 
is given by 



dB 



Wo^ dl x r 



Att 



r2 



or 



dB = 



\i Q v cosa dl 
Att r 2 



and is directed into the plane of the paper. 

Therefore, the contribution to the magnetic field due to the top side is 

dl 



x _ 2 I cosa 



However, 

I = (a/2) tana dl = (a/2) sec z ada 

Substituting these expressions into equation (1) we find 



(1) 



r = (a/2) sect 



n f ° SSS1 
1 Att J 0 2(a 



B. = sinO 
Tta 



a sec 2 ada 
2 /A) secret 



A similar calculation applies to each side. We note that 



sinG = 



b/2 



/(b/2)2 + (a/2)2 / a 2 + b* 



so 



11 /a2 + b2 
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continued 

The bottom side has the same geometry as the top side; therefore, 
R h ~ l*f Anc * *~ or thp \o?t anci ri^ht sides, we need only interchange 
b and a to obtain 

R - R - a/b 

The direction of the field produced by each side is into the paper for a 
clockwise current, and the contributions add arithmetically. The total ' 
magnetic induction at the center of the loop is 

B = 2 /b + a\ JJo£ 2 / a 2 + b2 

71 /a2 + b2 \ a b / 77 ab 

Finally, substituting the given numerical values, we find 

B = 4* * IP" 7 * 3 x 2 /P. 36 x Q.64 = - x 6 

7i 0.6 x 0.8 D " U iU r 

TRUE OR FALSE? In the above solution, the angle a is assigned a value 
such that a ■ e/2. 



[a] CORRECT ANSWER: 1.6 * 10* 2 amp 

In the formula derived in the preceding problem for the magnetic indue tion 
inside an ideal solenoid, B *= U Q ^o n > n is th e number of turns per unit 
length. For a solenoid wound with 4 layers of 250 turns each and of length 
20 cm, 

4 x 250 Kg%g%g% , 
n * — q ; 2 " = 5000 nr 1 

Therefore, the current required to produce a field of 10" ** T is 



to c w c 4, x 10-7 x 5 x io a * i- 6 x 10-2 **P 
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CORRECT ANSWER: D 

The Biot-Savart law states that 

~y dl x r 

dB = Att r3 

Let us redraw the diagram and label dl and r. 




The vector dt is in the direction of i\ r is the vector from the element 
to the field point. The direction of dB is that of dH x r; i.e., into 
the page. Since dl and r are perpendicular, the magnitude of dS is 

dB = 1*1 x rl - w **> 
4tt r3 4tt r2 
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CORRECT ANSWER: B 

We use the Biot-Savart law. The field at P due to the infinitesimal segment 

of the wire d£ is 




dS = 



4tt r 3 



Thus, 



B = ^ei i dl r cos9 = ilsl f d£ 

4tt J r3 4i J r 



Now dJi x r is out of the page 
and from the diagram we see 
that 

\dl x r | « r dl sin<(> 
■ r dJL cos0 



cosO 



Let us express the variables £ and r as functions- of 0. 
£ = a tan6 
d£ - a sec 2 6 d6 
r = a/cos0 == a sec9 



Therefore, 



- j a sec 2 9 cos9 d6 = Vpi 



4tt j a 2 sec 2 8 Ana 



f86 c 

Jo° 



cose de 



where we found the upper limit of 8 from 



tan_1 (a) = tan_1 (o^mTt) - "Hi" 1 ( 14 - 3 ) = 



86 ( 



The integral of cos8 is sin8, so 
B = — °— sine 



sin86 e 



4ira 



x 0.9976 
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continued 

Notice that as t increases, 



B 



Ana 



which is just one-half the value of the field due to an infinitely long 
conductor. This is reasonable, since this wire is "half" of a very long 
conductor. The numerical value of B at a = 0.42 m is 

B . J±°£ * 0.9976 = x 10 " 7 x 4 X °'" 76 - 9.5 * 10" 7 T 
A^ra Att x 0.42 
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